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‘What are boundaries, please?’ 
‘Imaginary lines on the earth, I suppose.’ 
 
T. H. White (1958) 
The Once and Future King 
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Chapter 1 - Introduction 
 
Systems for sensing and evaluating environmental information are evolutionary 
optimised over millions of years. Due to evolutionary selection, highly adapted 
specialisations were developed in the insect kingdom. Depending on their ecological 
niche insects evolved sensory systems e.g. eyes for detection of polarised light (Homberg 
et al., 2004; Pfeiffer et al., 2005), special hairs for graviception (Murphey et al., 1980) 
and often highly efficient systems for sensing predators (Murphey et al., 1984; Gras & 
Hörner, 1992).  
Scientist made much efforts to investigate and mimic insects sensing and motoric 
systems (Schmitz et al., 2001; Rind & Santer, 2004; Dijkstra et al., 2005). However, the 
investigation of subsequent neuronal processing is challenging. The evaluation and 
interpretation of electrophysiological data concerning neuronal processing is complex 
because single neurons within the intact nervous system have been analysed and potential 
influence of other neuronal projections has also to be considered. 
In insect behavioural neuroscience, many scientists impaled recording electrodes, 
correlated the recorded signal to behaviour and visualised neurons by staining. This 
allows only indirect conclusions to the underlying neuronal circuitries and interactions 
between adjacent cells, e.g. feedback loops can not be excluded. One strategy to reduce 
neuronal interactions is to reduce the whole preparation to a minimum. Locomotion of 
stick insects and the contribution of motoneurons to e.g. swing and stance phase were 
studied under a strong reduction of the nervous system (Fischer et al., 2001). A second 
possibility is the exclusion of individual interfering neurons by the cutting of axons 
(Heitler, 1995) or photo inactivation (Jacobs & Miller, 1985; Warzecha et al., 1993). All 
these techniques can not exclude external potential influences completely.  
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The intention of this work was the construction of neuronal circuitries on recording sites 
of microelectronic devices. This will enable the analysis of developmental issues, the 
investigation of external factors and the detailed analysis of signal transmission without 
interference of the surrounding. Controlled stimulation will lead to new insights in 
synaptogenesis and learning on single cell level. 
Therefore, a primary neuronal culture of thoracic neurons from adult Locusta migratoria 
was established. Aspects like surface coating and effects of hormones and growth factors 
were tested systematically to obtain a reproducible protocol for a neuronal long-term 
culture. For the construction of in vivo existing neuronal circuitries the characterisation 
of electrophysiological properties and of changes due to culture conditions was 
necessary. Recordings of defined neurons identified by backfill staining were referred to 
in vivo data. Neuronal signal transmission via synapses was examined by simultaneous 
patch-clamp experiments of morphologically connected neurons and pharmacological 
inhibition of synaptic transmission. 
Since the patch-clamp technique limits the observation of neuronal activity to a few 
hours and is furthermore restricted to only a few – in this work two – recording sites two 
different extracellular microelectronic recording devices were tested: metal micro-
electrodes and field-effect transistors. 
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Chapter 2 - The insect nervous system  
 
Analysing complex signal processing in neuronal systems is one of the major issues in 
neurophysiology. The insect nervous system provides many features making it attractive 
for researchers to engage in: 
• Small number of neurons: In complex, stereotypic processes are often only a 
small number of neurons involved. For example, a population of about 70 
motoneurons control the hind leg movement (Burrows, 1996). 
• Accessibility: The simple and stereotypic organisation of the insect nervous 
system as well as the soft cuticule facilitates the preparation of insects and allows 
an easy access to the nervous system for in situ investigations.  
• Identification of individual neurons: Due to decades of research in morphology 
and physiology many neurons can be identified simply by their position in the 
ganglia and their physiology. Therefore, the role of particular neurons within their 
natural networks and their contribution to behaviour can be addressed. 
• Robustness: The viability of the preparation is not limited by blood supply. 
Diffusion of solved oxygen in ringer solution is sufficient. Therefore, even tests 
on isolated ganglia are possible. 
These characteristics predestine insects for the construction of neuronal networks. The 
neuronal circuitry controlling the hind leg of locusts was studied intensively during the 
last decades. From the sensory system to modulators and the motoric system many 
neurons are identified and characterised by electrophysiological methods (Jellema & 
Heitler, 1999; Sasaki & Burrows, 2003; Scott, 2005). Some of them are unique (e.g. Fast 
Extensor Tibiae & Slow Extensor Tibiae motoneuron). Their morphology and position in 
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the metathoracic ganglion can be identified by staining techniques, which offer the 
possibility to reconstruct a network of those identified neurons in culture.  
Insect neuronal cell culture allows the study of neuronal development, synaptogenesis 
and physiology on the level of single cells. Using identified neurons can additionally help 
to determine effects of culture conditions on electrophysiological properties. Culturing 
neurons enables further the possibility to get insights into principles of synaptic 
transmission without interferences of surrounding neurons. Their large soma diameter 
(up to 90µm) and ion currents (up to 20nA) should also support bioelectronic interfacing. 
However, coupling of identified neurons with microelectrodes requires methods to 
control their position exactly on the recording sites. Therefore, techniques for positioning 
and guiding (e.g. micro-contact printing or topological structures) had to be established. 
 
 
2.1 Anatomy 
The anatomy of locusts derives from the segmental organisation of the annelids. Their 
nervous system is still organised in segments, also called neuromers, which are 
connected to each other by paired connectives. It can be subdivided into the somatic 
nervous system, the peripheral nervous system and the visceral nervous system. The 
visceral nervous system is responsible for e.g. neurosecretory and the stomatogastric 
functions. The peripheral nervous system consists of sensory and efferent neurons. While 
cell bodies of efferent neurons are located within the ganglia, somata of sensory neurons 
are located in the periphery. 
The somatic nervous system is organized in a ladder-like way on the ventral side of the 
body. The optical lobes, the supraoesophageal ganglion (brain) and the suboesophageal 
ganglion are located inside of the head capsule. They are built of ~97% of the total 
number of neurons (~800.000). Posterior follow the thoracic ganglia each with between 
estimated 2000 to 3000 neurons (Boyan & Ball, 1993; Burrows, 1996). The last thoracic 
ganglion is fused with the first three abdominal ganglia to the metathoracic ganglion. In 
the abdomen are four free abdominal ganglia (4 – 7, each ~500 neurons) and a terminal 
ganglion consisting of the fused abdominal ganglia 8 – 11. 
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Fig 2.1: Relative position of ganglia within the locust. The nervous system consists of a series of
segmentally arranged ganglia connected by paired connectives; B = brain, SO = suboesophagal, 
T1 = prothoracic, T2 = mesothoracic, T3 = metathoracic, A4 – A6 abdominal, TG = terminal (last 
abdominal) ganglion; modified from Burrows (1996). 
 
2.1.1 Organisation of the ganglia 
The nervous system is surrounded by an outer sheet consisting of connective tissue, the 
neurolemma. Beneath the neurolemma the perineurum, a thin layer of glial sheet cells, 
act as a diffusion barrier for ions between the haemolymph and the fluid in the nervous 
system similar to a blood-brain barrier in the vertebrate central nervous system (CNS). 
The next layer is formed by the neuronal cell bodies. The core of a ganglion consists of 
glial cells and neuronal processes organised in tracts and commissures (Fig 2.2). 
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Fig 2.2 Schematic of a segmental ganglion. Glial cells surround the neuronal cell bodies in the 
ganglia and the axons in the connectives; modified from Burrows (1996). 
 
2.2 Components of the nervous system 
2.2.1 Glial cells 
Glial cells represent the most and - in former times - most underestimated cells of the 
nervous system. They are active parts of the nervous system playing an important role in 
development, nutrition and probably in signal integration and transmission, beside their 
mechanical support function for neurons. Their importance for development especially 
growth cone guidance and shaping of the nervous system was a main issue in recent 
studies (Oland & Tolbert, 1996; Oland et al., 1998; Auld, 1999; Oland & Tolbert, 2003). 
Factors like tenascin (Krull et al., 1994) or NO (Gibson et al., 2001), involved in glia-
mediated functions, were identified.  
The main glial cell types are perineural glia building a blood-brain barrier between 
haemolymph and fluid in the nervous system, cortical glia wrapping neuronal cell bodies 
in the outer shell of ganglia, interface glia building an interface between the cell body 
layer and the central neuropil and neuropil glia located in between the neuropil. These 
cells may contribute to axon guidance (Edwards & Tolbert, 1998). Microglia is a further 
glia cell type, which is probably involved in repair and regeneration (Burrows, 1996). 
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2.2.2 Neurons 
According to their function in the nervous system and their morphology neurons are 
divided into following main classes: sensory neurons, motoneurons, interneurons and 
neurosecretory neurons (Burrows, 1996). 
• The somata of sensory neurons are in most cases located in the periphery of the 
nervous system sending axons to interneurons within the ganglia. Since only a 
few somata of strand receptors are embedded in the central nervous system 
(Bräunig & Hustert, 1980), their amount in cell culture will be very low. 
• Around ten percent of all neurons in a segment of the thoracic ganglia are 
motoneurons. These neurons innervate muscles and convert the processing of the 
nervous system into behaviour. They differ in size between 30µm and 100µm.  
• Interneurons interconnect neurons. Their cell bodies are located in the ganglia. 
They have a diameter of 10 to 30µm. According to their morphology they are 
subdivided into local and intersegmental interneurons. Most of the neurons in the 
thoracic and abdominal ganglia are local interneurons. Based on estimations, 
nearly 60% of the neurons of the thoracic neuromere and up to 70% in abdominal 
neuromeres belong to this class. The processes of local interneurons are restricted 
to one neuromere in opposite to intersegmental interneurons, which send axons 
from one ganglion to another. Intersegmental interneurons represent around 25% 
of the neurons in the thoracic ganglia. 
• Neurosecretory neurons represent the smallest class of neurons and belong 
morphologically to the class of interneurons. Most prominent are the efferent 
unpaired neurons in the median dorsal part of the ganglia: the Dorsal Unpaired 
Median neurons (DUM). Only ~90 neurons in the metathoracic ganglion 
contribute to this group. 
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To understand in vitro data the electrophysiological properties are more important than 
their function and morphology in vivo. In the locust nervous system three neuron types 
according to their electrophysiological response are described (Bräunig & Pflüger, 1981; 
Burrows, 1996):  
• Non-spiking neurons: This class of local interneurons represents the major group 
of neurons in the ganglia (~40%). No action potentials (APs) are generated by 
these neurons. Signal integration and transmission occur due to graduated 
potentials. Neurotransmitter release leads to either excitatory or inhibitory 
postsynaptic effects.  
• Axon-spiker: These neurons have electrical passive somata and a spike initiation 
zone somewhere at the primary neurite. To this class belong the spiking local 
interneurons (~19%), all intersegmental interneurons (~30%) and the 
motoneurons (~10%). 
• Soma-spiker: This class is the smallest class with only around 20 in neurons the 
metathoracic ganglion (1%). All neurons are presumably neurosecretory neurons, 
which belong mostly to the intersegmental and local interneurons. They show 
overshooting APs at the soma and the primary neurite.  
 
 
 
2.2.3 Synapses  
Transferring and processing information are important issues of the nervous system. For 
signal transduction between neurons two morphological and functional different systems 
were evolved: chemical and electrical synapses. 
 
2.2.3.1 Chemical synapses and neurotransmitters 
In chemical synapses a depolarisation leads to neurotransmitter release from the 
presynaptic neuron. The neurotransmitter diffuses through the synaptic cleft, binds to 
specific receptors at the postsynaptic site and induces a receptor specific conductance 
change. In dependence on the ion selectivity of the gated channels the resulting ion flux 
can either inhibit or excite a neuron. 
                                                                                                     The insect nervous system 
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A broad variety of neurotransmitters is known and pharmacologically tested. Most data 
of distribution and amount are achieved by immunhistochemical staining against the 
neurotransmitter. Because this reveals only the releasing sites, little is known about the 
receiving neurons. Transmitters, which might have impact on cultured thoracic neurons, 
are shortly described in the following: 
• Glutamate can be detected in 20% of cell bodies in the thoracic ganglia. These 
include all excitatory motoneurons (e.g. FETi) (Bicker et al., 1988; Watson & 
Seymour-Laurent, 1993). The excitatory effects on postsynaptic neurons are 
proved for defined synapses in the metathoracic ganglion: the FETi contacts other 
flexor motoneurons directly (Burrows, 1996). Glutamate receptors in insects are 
coupled with chloride (Cl-) or cation channels (Wafford & Sattelle, 1989; 
Raymond et al., 2000).  
• Gamma-amino butyric acid (GABA): About 35% of the neurons in the 
metathoracic ganglion show GABA-like immunoreactivity. Many of them are 
intersegmental interneurons or spiking local interneurons. GABA inhibits 
neuronal activity by opening of Cl- channels in vivo and in vitro (Sattelle et al., 
1988; Amat & Hue, 1997; Lee et al., 2003). 
• Acetylcholine (ACh) is a neurotransmitter of sensory neurons and gates 
unspecific cation channels. Depolarisations e.g. at the FETi are driven by sodium 
(Na+) (Parker & Newland, 1995).  
 
2.2.3.2 Electrical synapses 
In electrical synapses cell coupling is mediated by channels clustered at regions of direct 
cell-cell contact known as gap junctions. Each channel is formed by extracellular 
interactions and alignment of two hemichannels resulting in a direct cytoplasmatic 
connection between two cells. In insects each hemichannel is formed of innexin, the 
analogue to vertebrates connexin (Phelan et al., 1998; Phelan & Starich, 2001). Gap 
junctions enable much faster signal transmission than chemical synapses. In contrast to 
these synapses, bidirectional signal transfer with almost no time delay between pre- and 
postsynaptic signal is possible. 
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Chapter 3 – Materials & Methods 
 
3.1 Cell culture 
Cultivation of insect cells started in the 1960ths with cell lines (Grace, 1962) and tissue 
explants of Drosophila melanogaster (Schneider, 1964). Since then tissue and primary 
neuronal cultures of arthropods (Periplaneta, Drosophila, Apis, Manduca, Schistocerca 
and Locusta (for review: Thomas et al., 1987) were investigated concerning 
differentiation, growth and development. Further experiments focussed on 
electrophysiological properties in comparison to in vivo properties.  
Most of the early researchers isolated neurons from embryonic animals. Kirchhof & 
Bicker (1992) developed a serum free cell culture system for fifth instar larval and adult 
locusts neurons, viable for up to three weeks. Smith & Howes (1996) compared their 
culture method for adult cockroach Dorsal Unpaired Median neurons (DUM) with 
different, previously published culture protocols and gave a good overview about 
different media, additives and dissociation procedures. Also effects of growth factors and 
coating proteins on attachment and growth were specified. 
In this thesis their work was used as a guideline for preliminary tests.  
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3.1.1 Animals 
In all experiments adult male and female Locusta migratoria were used right after or at 
maximum one week after their final moult. The animals were housed in crowded 
breeding colonies. They were kept in a 12h/12h dark-bright cycle and fed with wheat and 
wheat bran. 
 
3.1.2 Cultivation of neurons 
Neurons of the meso- and metathoracic ganglia were cultured following procedures 
described in literature before (Kirchhof & Bicker, 1992; Lapied et al., 1993; Smith & 
Howes, 1996) with slight modifications.  
• Preparation: Animals were cold anesthetised. The legs were cut at the coax and 
the torso was fumigated with 70% ethanol (v/v) in MilliQ water. The head, some 
of the abdominal segments and the intestine were removed. After longitudinal 
sections at each side of the body the sternum was fixed dorsal side up in a wax 
dish filled with medium (4°C) and fixed by fine needles (Fine Science Tools 
GmbH, Germany). By cutting the sclerites, the nervous system was separated 
from residual muscle, fat and gland tissue. Connectives rostral to the 
mesothoracic and caudal to the first free abdominal ganglion were cut. The 
isolated meso- and metathoracic ganglia were now used for isolation of neurons. 
In some cases retrograde staining was applied before cell isolation (chapter 3.1.7). 
• Removing ganglion sheets: The following procedures were performed under 
sterile conditions. The isolated meso- and metathoracic and the first free 
abdominal ganglia were transferred into a wax dish (Ø 3.5cm) containing medium 
(4°C). Needles were pinned between the meso- and metathoracic ganglia and 
between the metathoracic and the first abdominal ganglia and the nervous system 
was stretched. Fat tissue, glands and trachea were removed. All nerves were 
shortened. To reduce risk of contamination, the ganglia were washed three times 
with medium. Under microscopic control the neurolemma was opened with fine 
forceps and removed to assure uniform and effective enzyme treatment. 
• Enzyme treatment: To prevent cell damage by forced dissociation, the connective 
tissue between the neuronal cells was enzymatically dissolved. The medium was 
exchanged by prewarmed dispase solution (2mg/ml solved in HBSS without 
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magnesium (Mg2+) and calcium (Ca2+)) for 30 min at 29°C. Ca2+ free medium 
decreased cell-cell interactions. Enzyme treatment was terminated by washing the 
cells three times with medium (4°C). The presence of Ca2+ in the medium inhibits 
dispase activity further.  
• Dissociation: Dissociation of neurons was supported by trituration with 
siliconised 200µl tips (Biozym Scientific GmbH, Germany). Therefore, the 
enzyme treated tissue was transferred into a siliconised reaction vessel by sucking 
it out of the ganglion sheet. The ganglia of - in most cases - two animals were 
pooled in a reaction vessel and 10x triturated. The suspension was subsequently 
centrifuged at 400g for two min. The supernatant was removed and the pellet was 
resuspended in the remaining solution (200µl - 400µl). The variation of volume 
allowed the adjustment of the cell density.  
• Plating of cells: 50µl of cell suspension were plated on each pretreated cover slips 
(see chapter 3.1.3). Cells were allowed to settle and adhere to the surface for one 
hour at 29°C. Three ml warmed medium (29°C) were carefully added. Neurons 
were incubated at 29°C in an incubator (95% humidity). Every three to four days 
half of the medium was substituted with fresh medium. 
 
3.1.3 Pretreatment of substrates  
Glass cover slips (Ø 12mm; VWR International GmbH, Germany) were cleaned and 
made hydrophilic by treatment with 20% (v/v) H2SO4 for 20 min at 80°C. After 
extensively rinsing with MilliQ water they were disinfected at least for one hour in 70% 
ethanol p.a. Each cover slip was transferred into a petri dish and washed twice in MilliQ 
water. The coating solution was applied for 30 min at room temperature to the desiccated 
cover slip. The solution contained either concanavalin A (200µg/ml), laminin (2µg/ml) or 
poly-D-lysine (200µg/ml). In some experiments cover slips were used uncoated. 
Afterwards the cover slips were washed twice with MilliQ water and desiccated.  
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3.1.4 Culture Medium 
Neurons were cultured in modified Leibovitz L-15 medium (Leibovitz, 1963), which was 
also used for cell preparation. This medium was used in previous cell cultures studies of 
Periplaneta Americana (Stockbridge et al., 1990), Manduca Sexta (Hayashi & 
Hildebrand, 1990), Gryllus bimaculatus (Kloppenburg & Hörner, 1998) and locusts 
(Kirchhof & Bicker, 1992). Following factors were added: 
• 200mg/l glucose, 80 mg/l fructose, 35mg/l L-proline and 6mg/l imidazole added 
as 10x stock solution in Leibovitz L-15 (Mix I),  
• 1% (v/v) L-glutamine solution (200mM), 
• a mixture of penicillin and streptomycin (each 100units/ml) and fungizone 
(0.25µg/ml). 
• The osmolarity was enhanced to 390mOsmol/kg by addition of 10mM glucose, 
10mM fructose and 25mM HEPES according to Clements & May (1974a). 
 
The pH was adjusted to 7.0 with 1M NaOH. The medium was sterile filtered (0.22µm 
pore size). 
 
3.1.5 Supplements 
Neurotrophic factors play an important role for viability and growth of neurons. Co-
culturing neurons with explants of the nervous system or with in vivo associated neurons 
(Vanhems et al., 1990; Oland & Oberlander, 1994) was used to enhance the conditions 
for cultured cells. Other authors conditioned the medium with supplementary factors 
released by co-cultured cells (Oland & Oberlander, 1994) or by factors, which were 
derived from the animal e.g. haemolymph-derived growth-enhancing factor (Kirchhof & 
Bicker, 1992; Smith & Howes, 1996). Such conditioning of medium implies potential 
variation of composition and concentrations of neurotrophic factors reducing the 
reproducibility of cell culture systems. 
Therefore, the effect of several supplements like nerve growth factors, epidermal growth 
factor, insulin like factors and also hormones regulating insect development (20-
hydroxyecdysone and juvenile hormone) on neurite outgrowth and viability in neuronal 
cell cultures of different species was tested (Stengl & Hildebrand, 1990; Vanhems et al., 
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1990; Oland & Oberlander, 1994;). Pfahlert & Lakes-Harlan (1997) demonstrated, that 
neurotrophic factors could have different impact on defined groups of neurons (sensory 
neurons, interneurons and motoneurons).  
In order to enhance viability and neurite outgrowth of the neuronal culture described in 
this thesis, the most promising supplements were tested in concentrations described 
previously (Vanhems et al., 1990; Pfahlert & Lakes-Harlan, 1997): insulin (2mg/ml), 
nerve growth factor (100ng/ml), 20-hydroxyecdisone (5µg/ml) and combinations of 
insulin and nerve growth factor with 20-hydroxyecdysone.  
 
3.1.6 Distinguishing between neuronal and glial cells 
In electrophysiological experiments or cell growth assays glial and neuronal cells were 
distinguished by morphological characteristics in phase-contrast microscopy. Neurons 
were defined as cells with a bright surrounding around their soma and a darker core. 
Other cells could hardly be discriminated from debris by this method because of lower 
contrast and their small size. 
A cross-reaction between a surface protein of insect neurons and the antibody against 
horseradish peroxidase (HRP; Jan & Jan, 1982) was used to distinguish between glial and 
neuronal cells. The structure of the neuron-specific glycoprotein antigen nervana is 
similar to the structure of the plant protein horseradish peroxidase (Sun & Salvaterra, 
1995). A Cy3-conjugated second antibody was used to visualize neuronal cells in 
fluorescent microscopy. Nuclei of all cells were marked by the marker 4'-6-Diamidino-2-
phenylindole (DAPI), which intercalates with the DNA double strand. Cells were 
cultured in Lab-Tek II Chamber Slides (Nunc GmbH, Germany; No. 170920) for four 
days. The culture was washed three times with phosphate buffered saline (PBS), fixed 
with 4% paraformaldehyde (w/v in PBS) for 15 min and rinsed again three times with 
PBS. Dr. R. Loesel at the Institute of Biology II, RWTH Aachen, accomplished the 
subsequent staining (Loesel et al, in preparation). Photographs were taken by a confocal 
laser-scanning microscope (TCS SP2, Leica Microsystems, Germany). 
Materials & Methods   
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3.1.7 Retrograde staining of motoneurons 
Isolated ganglia were fixed by needles in a wax dish filled with medium (4°C). Tissue 
residues were removed and nerve bundles except nerves 5 of the metathoracic ganglion 
were shortened. Small vaseline troughs were formed around the ends of nerves 5 
(Fig 3.1). The medium inside the troughs was exchanged with MilliQ water for one 
minute and the nerve ends were cut distally inside the vessel. In presence of MilliQ water 
the cut ends swelled and squeezed axons reopened. Subsequently, MilliQ water was 
exchanged with dextran tetramethylrhodamine (1% w/v in pipette solution; see 
appendix). The ganglia were incubated at least 6 h or over night at 4°C. Stained neurons 
were isolated by following the protocol described in chapter 3.1.2. Particular neurons 
were isolated by a 20µl pipette supported by cutting off proximal tissue and cultured 
separately.  
Fig 3.1: Retrograde staining of neurons via 
nerve 5. The isolated meso-, metathoracic and 
the first free abdominal ganglia were mounted 
in a culture dish. The distal ends of cut nerves 
5 of the metathoracic ganglion were placed 
inside a vaseline through filled with the 
fluorescent dye dextran tetramethylrhodamine.
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3.1.8 Preparation of neurons for imaging 
For illustration of neuronal morphology in scanning electron microscopy (SEM) and also 
for imaging of antibody staining or demonstration of retrogradly stained neurons in 
confocal laser scanning microscopy cultured cells and whole ganglia had to be prepared. 
Cell cultures were washed three times before fixation with PBS buffer solution. Fixation 
was done in each case by incubation in 4% (w/v) paraformaldehyde (PFA) for 15 min 
(cultured cells) and 30 min (whole-mount preparations) followed by three washing steps 
with PBS.  
Further steps differed depending on the task. For SEM neurons were dehydrated by 
critical point drying in propanole and sputtered with a thin gold layer. Cells used for 
antibody staining were treated according to an antibody staining protocol and embedded 
in a mounting medium (Elvanol; Rodriguez & Deinhard, 1960). Ganglia with retrogradly 
stained neurons were dehydrated in an ascending ethanol series (30%, 50%, 70%, 90%, 
96% & 2x 100%; 15 min each step) and visually cleared in methylsalicylate. 
Materials & Methods   
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3.1.9 Patterning of substrates 
For construction of neuronal networks on extracellular recording devices control over 
soma position and neurite outgrowth is required in this thesis. Effective coupling of 
neurons to field-effect transistors (FETs) or metal microelectrode arrays (MEAs) for 
recordings with high signal-to-noise (S/N) ratio demands accurate positioning of cell 
bodies on top of the gates or electrodes. Two different approaches were used in previous 
studies successfully: guiding by topographical structures (Fig 3.2 A) and chemical 
patterning (Fig 3.2 B).  
 
Topographical structures of polyimide on silicon surface were already used to control 
position of cell bodies and neurite outgrowth. Picket fences encaged neuronal somata of 
Lymnea stagnalis and prevented their displacement (Zeck & Fromherz, 2001). These 
neurons grew also along more complex structures with grooves and pits formed by SU8 
photo resists and developed similar electrophysiological properties compared to cells 
growing on unstructured substrates (Merz, 2004; Merz & Fromherz, 2005) 
In this study topological structures with pits connected by grooves were tested. M. 
Banzet and R. Stockmann fabricated these structures in our institute. SU-8 photo resist 
was spin coated on silicon surfaces and structured by photolithography. The pits ranged 
between 20µm and 150µm in diameter and were connected star shaped by grooves of 
10µm or 20µm width. The distance between the centre of each pit was 200µm. The 
height of the structure ranged between ~25µm and ~45µm (Fig 3.2 A). 
Either a cell suspension was plated onto structured surfaces or single cells were sucked 
out of the ganglia or chosen out of a plated cell suspension by a glass pipette. Single cells 
were directly transferred in defined pits.  
 
Chemical patterning of cell adhesion molecules onto a repellent substrate by 
microcontact printing was originally developed by Kumar & Whitesides (1993). An 
elastomeric PDMS stamp, casting the form of a photo lithographically patterned master, 
is inked with a cell adhesive molecule. By pushing the stamp onto a surface the molecule 
will be transferred to this surface reproducing the pattern of the stamp (Fig 3.2 B). Such 
chemical patterns have been used successfully for controlling attachment and outgrowth 
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of vertebrate primary neurons (Chang et al., 2003; Vogt et al., 2003) without influencing 
their electrophysiological properties (Lauer et al., 2002; Vogt et al., 2005). 
However, printing of cell adhesion molecules on glass cover slips was not promising for 
insect neurons because glass surfaces did not inhibit neuronal attachment nor growth (see 
results). Additionally, patterns on polystyrene surfaces did not lead to any guiding of 
cricket neurons (P. Schulte; personal communication) because polystyrene was not 
aversive to the cells. Even polysiloxane, alginic acid, palladium, chrome and copper did 
not inhibit attachment or growth of cricket neurons (P. Schulte; personal 
communication). For locusts neurons alginic acid, perfluorosilane and NHS- or NH2-
polyethyleneglycol (PEG) bound to gold (Mougin et al., 2004; Mayer et al 2005) and 
PEG-disilane bound to glass (Irima & Karlsson, 2003) showed either no or inconsistent 
effects on cell attachment and growth. 
A star-shaped polyethyleneglycol (StarPEG) turned out to be cell repellent for insect 
neurons (Reska, 2005). 
 
Fig 3.2 A: Scanning electron micrograph of a topographical guiding structure made from SU-8 
photo resist. The diameter of the pits was 50µm and 150µm, the width of the grooves 20µm and 
the height of the structure approximately 40µm; scale bar = 200µm. B: Phase-contrast micrograph 
of a poly-(D)-lysine pattern stamp by microcontact printing onto a polystyrene surface (source R. 
Helpenstein). 
A B 
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3.1.9.1 Production of cell repulsive surfaces 
Surfaces of star-shaped polyethyleneglycol (StarPEG; Groll et al., 2005) were a gift of 
Prof. Dr. Möller, Deutsches Wollforschungsinstitut at the RWTH Aachen. They were 
modified by patterning with conA and provided by A. Reska and P. Gasteier. 
Cover slips were spin-coated with isocyanate terminated StarPEG. Concanavalin A 
(conA) was printed by grid patterned microstamps. It binds covalently to isocyanate 
groups of the StarPEG. 
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3.2 Electrophysiology 
Various methods to detect signals from electrical active cells are established for different 
applications depending on the accessibility and desired information.  
Cell culture allows direct access to neurons on a single cell level. Therefore, a broad 
variety of methods can be used. Optical imaging with fluorescent dyes allows the 
measurement of changes of intracellular ion concentrations due to neuronal activity 
(Haugland, 2005). Stimulation can be performed by a superfusion system using e.g. 
neurotransmitters or highly concentrated KCl (Bicker, 1996; Cayre et al., 1999) and 
simultaneous application of standard electrophysiological techniques (Cayre et al., 1999; 
Oertner et al., 1999). Direct recordings from single neurons are obtained by impaling 
sharp glass electrodes or by patch-clamp experiments. The first method detects only 
changes of the intracellular voltage e.g. APs. Patch-clamp measurements provide more 
detailed information about the electrical activity. Depending on the recording mode next 
to intracellular voltage changes ionic currents across the cellular membrane can be 
recorded. 
Extracellular recordings by field-effect transistors or metal electrodes turned out to be an 
additional tool for neurophysiology (Fromherz et al., 1991; Offenhäusser et al., 1997). 
These methods are non-invasive and can be used to monitor the activity of many 
electrically active cells simultaneously due to an array of recording sites. 
 
3.2.1 Patch-clamp technique 
Neher & Sakmann invented the patch-clamp technique in 1976 to measure conductance 
changes in small membrane patches due to the gating of single ion channels. To detect 
these small signals from background signals these patches had to be isolated electrically 
from the surrounding by a tight seal of small glass pipettes with the cellular membrane. 
These Gigaseals allow further manipulations of the cell membrane leading to four 
possible configurations: 
• Cell-attached configuration: A glass pipette is attached and sealed with the 
membrane. Switching of channels between open and close configuration can be 
recorded. The physiological conditions including second-messenger systems and 
the internal ion concentration are not changed resulting in a less artificial cell 
response (Fig 3.3 a).  
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• Whole-cell configuration: In the cell-attached configuration the membrane patch 
under the pipette is ruptured by a negative pressure. After this break in there will 
be a low resistance pathway for current and diffusional flow between the 
electrode and the cell interior. Electrical signals of the whole cell (e.g. total 
current flow) are recorded. In two different modes either the sum of currents or 
voltage changes can be measured. The cytoplasm will be replaced by the pipette 
solution resulting in changed physiological conditions (Fig 3.3 b). This procedure 
is used in this thesis and will be described in detail later (chapter 3.2.1.3). 
• Inside-out configuration: Starting from the cell-attached configuration the pipette 
is retracted resulting in detachment of a membrane patch from the cell. The 
interior side of the membrane is exposed to the bath solution. Only membrane 
proteins are conserved (Fig 3.3 c).  
• Outside-out configuration: Starting from the whole-cell configuration the patch 
pipette is gently retracted causing the membrane to rupture and the free ends to 
reseal. The exterior side of the membrane is exposed to the bath solution. This 
configuration allows the investigations of ligand-gated ion channels (Fig 3.3 d).  
 
 
Fig 3.3: Different patch-clamp configurations: cell-attached (a), whole-cell (b), inside-out (c) and 
outside-out (d). After attaching and sealing of a glass pipette with the cell membrane these 
configurations can be obtained as describe above; modified from Numberger & Draguhn (1996). 
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The whole-cell configuration is subdivided into two different measurement modes:  
 
• Voltage-clamp mode: In the voltage-clamp mode the membrane potential (Vmem) 
is clamped to defined values and the electrode monitors the current flowing 
across the entire cell surface (Imem). Usually stepwise hyper- or depolarising 
voltage pulses were applied and the resulting inward or outward directed ionic 
currents were recorded. Per convention inward currents are plotted as negative 
and outward currents as positive values.  
• Current-clamp mode: In the current-clamp mode cells are clamped to a constant 
current and stepwise current pulses are applied. Resulting changes in Vmem e.g. 
APs are recorded. If no current is applied the resting potential (Vrest) is measured, 
which is depending on the ion concentrations of the internal and the bath solution. 
 
3.2.1.1 Simultaneous patch-clamp recordings 
One aim of this thesis was the analysis of signal transmission between single neurons in 
culture. Therefore, simultaneous whole-cell patch clamp recordings of two 
morphologically connected neurons were preformed. Stimulating the neurons alternately 
and monitoring their responses identified synaptic connections. If signal transmission 
occured a presynaptic potentials induced a corresponding postsynaptic potential. The 
postsynaptic response, synaptic delay, reversal potential as well as directional selectivity 
was used to resolve questions about the type of synapse, emitted neurotransmitters and 
postsynaptic receptors.  
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3.2.1.2 Measurement setup for patch-clamp experiments and pharmacology 
For patch-clamp experiments a common electrophysiological set-up was used (Fig 3.4). 
An inverted transmitting light microscope (Olympus IX50), equipped with phase 
contrast, was mounted on a vibration-free, air cushioned table (Newport). 
For recording and stimulation of neurons an EPC-9/3 patch-clamp amplifier (HEKA 
Elektronik, Germany) operated by TIDA 5.x was used.  
Three manipulation units (Luigs & Neumann GmbH, Germany) provided the exact 
movement of glass pipettes or a perfusion manifold in µm range. Each unit consisted of 
three motors for movements in x-, y-, and z-direction. Additionally, the z-movements of 
the microscope were motor-controlled by a separate unit. 
The bath solution was contacted to ground by an Ag / AgCl electrode. Changes of bath 
solutions were either done by just adding the fluid to the bath using a pipette or by a 
voltage controlled perfusion system (DAD-8VC; ALA scientific instruments, Inc.) with 
reservoirs for eight different solutions. A valve opening at defined voltages controlled the 
outflow of each reservoir. Command voltages were applied by a voltage output channel 
of the ECP-9/3 amplifier and controlled by the TIDA software. An air pressure of 3.5 to 
7 Pa produced a constant solution stream, which was set near the cells by the manifold 
(200µm diameter).   
The microscope was equipped with a fluorescence illumination and appropriate filter set 
for fluorescein and rhodamine. A digital video camera (Sony XC-333 P, Sony 
International Europe GmbH) was used for image acquisition and to allow a better visual 
control during pipette approach to a cell. 
The setup was shielded against electrical noise by a Faraday cage. 
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3.2.1.3 Procedure for whole-cell patch-clamp recordings 
Patch-clamp measurements in whole-cell configuration were performed to record 
electrical signals from cultured neurons. By this procedure, ionic currents (voltage-clamp 
mode) and APs (current-clamp mode) from individual cells were studied. In addition, 
synaptic transmission between two controlled neurons was analysed by using two 
recording units in parallel. In the following, experimental procedures including 
prearrangements, gigaseal formation and operating modes will be explained. 
• First culture medium was replaced by a normal salt solution (NSS; see 3.2.1.8). 
This was necessary to guaranty same ionic concentrations and osmolarity in 
similar experiments and to allow pharmacological studies. Together with a 
defined internal solution (pipette solution; see 3.2.1.8), predictions of Vrest and 
conclusions from reversal potential about ions, which e.g. contribute to 
postsynaptic currents, were possible. An eventual voltage offset resulting from 
different ionic concentration and strength (mostly Cl-) could either be corrected 
during data analysis or compensated directly by applying a compensating voltage 
permanently. Since the calculated offset potential was low (3.7mV), it was not 
regarded. The internal solution was filled into glass pipettes (Borosilicate Glass 
Fig 3.4: Schematics of the measurement setup for double-patch clamp and pharmacological 
experiments. Electrical activity of two neurons was recorded by the EPC-9/3 amplifier and the 
TIDA 5.x software in parallel. The valves of a pressure supported perfusion system with eight 
solution reservoirs were controlled by voltage steps generated in TIDA 5.x.   
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pipettes; o.d. 1.5mm, i.d. 0.86mm; Sutter instrument Co.; Rpip 2 - 11MOhm1) 
pulled using a Flaming / Brown micropipette puller (P-97; Sutter Instrument Co.). 
Before immersion of pipettes into the bath, a slight positive pressure was applied 
by a silicon tube connected to the pipette. This led to a constant efflux of pipette 
solution averting the pipettes of plugging by particles in the bath solution. 
• In a next step glass pipettes were immersed into the bath solution and positioned 
near the neuron. The offset potential resulting from an electrochemical potential 
between the chlorinated silver wires used as electrodes and the solutions was 
adjusted to zero.  
During the approach a small voltage pulse (10mV) was applied. A proportional 
current was measured and the resistance of the pipette (Rpip) calculated. 
Nearby the membrane the optimal distance for sealing could be determined by an 
increase in Rpip (~0.5MΩ). This was accompanied by an inversion of the cellular 
membrane caused by the effluent pipette solution. This was visible either by a 
concavity by incident light microscopy or by a bright, half-moon like shining in 
phase-contrast microscopy. Release of positive pressure at the pipette normally 
led automatically to sealing of pipette tip and membrane. If not, a slight negative 
pressure at the pipette achieved sealing. 
• Vmem was set to -70mV and the capacitance (Cfast) resulting from the pipette was 
compensated. The membrane was opened by a brief and slight suction, which 
established an electrical contact to the neuron. Now, parameters of the neuron 
were measured. The series resistance (Rser), composed of Rpip and the resistance 
due to cellular components, as well as Vrest, capacitance of the membrane Cmem 
and leak conductance were obtained. For further experiments Cmem (Cslow), Rser 
and leak conductance were compensated in order to obtain only recordings 
resulting of induced changes of the membrane conductance. 
                                                 
1 The pipette resistance is proportional to the inner diameter of the tip. A higher Rpip facilitates the sealing 
between pipette and membrane. On the other hand the aperture of the membrane by suction is easier with 
lower Rpip. Furthermore the risk of resealing is lower. In these experiments best results were obtained by 
using pipettes with a resistance of about 4-6 MΩ. 
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3.2.1.4 Current / voltage relations 
The kinetics of ion channels were determined by characterisation of gating in dependence 
on Vmem. The maximal resulting currents, representing the membrane conductance, were 
measured as illustrated in Fig 3.5. Starting from the current value at constant Vmem the 
maximal amplitude of inward currents Iin(max) and the amplitude of sustained outward 
currents Iout(sus) are measured and plotted against the Vmem induced by the associated 
voltage step. If populations of neurons, which differ in size and membrane surface area, 
are to be compared, current density - voltage relations have a higher explanatory power. 
Here, the maximal currents were divided by the membrane surface area resulting in 
comparable normalised data. 
Combining these recordings with pharmacological experiments e.g. applying channel 
blockers to the bath solution led to detailed analysis of channel types, their kinetics and 
distribution in the cellular membrane.  
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Fig 3.5: Exemplary illustration of the analysis for current-voltage relations. A: Whole-cell patch-
clamp recording (voltage-clamp mode) of a neuron (Vrest -59mV; DIV3). The amplitudes of the 
maximum inward current Iin(max) and the sustained outward current Iout(sus) were determined by 
measuring their differences to the current at membrane potential. B: Plot of a current-voltage 
relation. Measured currents were plotted against the applied voltage step. 
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3.2.1.5 Reversal potentials 
The reversal potential is defined as the Vmem, at which the direction of ion flow over the 
membrane reverses. In current / voltage relations the value can be determined by the 
crossing of the graph with the x-axis.  
If only one particular ion species is regarded, the reversal potential is equal to the 
equilibrium potential. At this point is no net flow of ions across the membrane because 
the electrical driving force equals the opposing chemical driving force.  
Due to different concentration gradients between the cytoplasmatic side of the membrane 
and the bath solution this value varies between particular ions and can be calculated by 
the Nernst equation (Eq 3.1). 
i
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×−=       Eq 3.1 
Eion  =   Equilibrium Potential for the ion species 
R =   Gas constant  
T =   Absolute temperature  
z =   Valence of the ion  
F =   Faraday’s constant  
[Ion]o = Concentration of ions outside the cell  
[Ion]I = Concentration of ions inside the cell  
 
The ion selectivity of a channel is an additional information about the postsynaptic 
receptors and their effects on the postsynaptic neuron. In vivo the inhibitory 
neurotransmitter GABA opens postsynaptic Cl- or potassium (K+) channels (Burrows, 
1996). Glutamate mediates more complex effects by binding on different subtypes of 
ionotropic glutamate receptors. These receptors were classified in non-NMDA and 
NMDA receptors named after their dependence on the synthetic agonist NMDA (N-
methyl-D-aspartate). Non-NMDA receptors are known to gate Na+ and K+ permeable 
channels whereas NMDA receptors conduct also Ca2+ ions (Kandel et al., 2000). 
Additional Cl- selective channels triggered by postsynaptic glutamate receptors were 
found to inhibit flight motor neurons (Burrows, 1996). 
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3.2.1.6 Synaptic delay 
Synaptic delay is a criterion for discrimination between chemical and electrical synapses. 
If electrical signals are propagated by electrical synapses postsynaptic signals do not 
have a time delay. Whereas release of neurotransmitters, their diffusion across the 
synaptic cleft and generating electrical signals by gating of postsynaptic channels lasts a 
few milliseconds. Fig 3.6 shows a current-clamp recording of two morphological 
connected neurons. Synaptic delay was defined as the time Δt between the peak of an AP 
and the onset of the postsynaptic response. 
 
Fig 3.6: Whole-cell current-clamp recordings of two neurons connected by a chemical synapse.
Presynaptic action potentials led to graduated postsynaptic potentials (A). The synaptic delay Δt 
was measured between the maximal peak of the action potential and the beginning of the 
postsynaptic potential. 
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3.2.1.7 Membrane time constant τ 
Passive properties of membranes are represented by the membrane time constant τ. This 
constant is a value for the charging time of the membrane and consists of the membrane 
resistance Rmem multiplied by the membrane capacitance Cmem (=Cslow), which were 
obtained by the TIDA 5.x software. In principle three methods can be used to determine 
τ (Fig 3.7): 
• Calculation by multiplication of measured membrane resistance Rmem and the 
capacitance Cslow.  
slowmem CR ×=τ   Eq 3.2 
• Graphical evaluation of current-clamp data to a hyperpolarising current pulse. τ is 
equal to the time, in which the Vmem repolarises to 1/e (~37%) of the original 
value. 
• Calculation of τ by the equation  
τ/
0)(
xeVxV −×=   Eq 3.3 
with V0 = offset voltage, x = distance to injection side and τ = decay time. 
In this thesis τ was calculated using the equation 3.3 on decaying hyperpolarisations due 
to 50pA current pulses. 
Fig 3.7: Illustration of τ determination. It can be either calculated by simple measurement of the
decay time to 1/e (37%) of the membrane potential or by fitting the equation τ/0)( xeVxV −×= to 
the decaying part of the recording (red dotted line). 
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3.2.1.8 Patch-clamp solutions 
Bath solutions: To establish the patch-clamp method some experiments were performed 
in culture medium to provide an optimal viability of neurons during. As a first defined 
bath solution common Clements-May ringer (Clements & May, 1974b) consisting of 
140mM NaCl, 10mM KCl, 2mM CaCl2, 4mM NaH2PO4 and 6mM Na2HPO4 was used. 
However, during preliminary tests with drugs, the solution tended to precipitate. 
Substitution of the phosphate buffer system by 10mM HEPES solved this problem.  
Most of the experiments were done in a modified normal salt solution (NSS) and with a 
defined internal (pipette) solution described in Tab 3.1.  
The pH was adjusted to 7.0 by 1mM NaOH (NSS) or 1mM KOH (internal solution) and 
the osmolarity to 390 – 400mOsmol/kg by glucose and fructose in equal shares. 
These solutions yielded a theoretical Vrest of -50.2mV calculated by the Goldmann-
Hodgkin-Katz equation (Eq 3.4). 
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++×=  Eq 3.4 
P = permeability; ratio PK : PNa : PCl = 1 : 0.03 : 0.1 (squid axon; Kandel et al., 2000) 
 
 Normal salt solution [mM] Internal solution [mM] 
NaCl 150 5 
KCl 5 150 
CaCl2 2 0.1 
MgCl2 - 2 
NaATP - 2 
EGTA - 1 
HEPES 10 10 
Tab 3.1: Composition of the solutions used in patch-clamp experiments. 
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3.2.1.9 Pharmacological experiments 
In order to characterise electrophysiological properties of identified neurons in detail 
neurotransmitters were identified by their respective antagonists. All concentrations were 
chosen according to proven effects on cultured neurons of different invertebrate species.  
• Potassium channels were blocked by 30mM tetraethylammonium-chlorid (TEA; 
(Newland et al., 1993; Kloppenburg & Hörner, 1998; Wüstenberg et al., 2004; 
Mercer et al., 2005).  
• As antagonist for voltage dependent sodium channels 100nM tetrodotoxin (TTX) 
was used (Laurent et al., 1993; Kloppenburg & Hörner, 1998; Grünewald, 2003; 
Brone et al., 2003; Wüstenberg et al., 2004; Mercer et al., 2005). 
• Ca2+ activity was blocked by either cadmiumchlorid (CdCl2) in a concentration of 
1mM (Laurent et al., 1993; Amat et al., 1998; Kloppenburg & Hörner, 1998; 
Grünewald, 2003; Wüstenberg et al., 2004; Mercer et al., 2005) or 2mM menthol 
known to block potassium-induced as well as voltage-induced calcium channels 
(Dierkes et al., 1997). 
To identify the neurotransmitters involved in signal transfer between cultured neurons 
preliminary tests had to be performed to determine the effective concentration of receptor 
antagonists. At first glutamate and GABA were applied. A concentration was identified 
at which the neurotransmitter elicited a reliable response. Secondly, different 
concentrations of the GABA antagonist picrotoxin (PTX) and the glutamate receptor 
inhibitor 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), specific for non-NMDA 
receptors, and 2-amino-5-phosphonovalerate (AP-5), specific for NMDA receptors, were 
tested to reveal blocking of the electrical signal induced by bath application of GABA 
and glutamate.  
Later on PTX in a concentration of 100µM and a mixture of CNQX (10µM) and AP5 
(100µM) was directly applied in front of connected neurons by the perfusion system to 
inhibit postsynaptic response. 
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3.2.1.10 Stimulation protocols 
Normally depolarising and hyperpolarising voltages of 100ms duration were applied in a 
stepwise fashion during voltage-clamp recordings. Thereby the kinetics and thresholds of 
voltage-dependent channels as well as induced channel gating by changed ionic 
conditions could be analysed. Similar current steps were injected to test for the ability to 
generate APs. Hyperpolarising currents were also used during double patch-clamp 
analysis to determine electrical synapses. 
To all recordings depicted in this work the associated stimuli were shown. 
If not stated otherwise, all neurons were held at a Vmem of -70mV in voltage-clamp mode. 
Some experiments in current clamp were performed without injecting currents. 
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3.2.2 Bioelectronic coupling 
Previous works have shown that microelectronic devices are can be used for extracellular 
recordings from electrically active cells. Starting in 1970ths (Bergveld, 1970; Thomas et 
al., 1972) with first measurements of cultured cells, such recording systems emerged to 
powerful tools for signal detection in neuronal tissue and primary neuronal culture 
(Fromherz et al., 1991; Offenhäusser et al., 1997). Multiple recording sites on these 
devices allow parallel recording of many neurons. Signal transmission in networks can 
be analysed in detail. 
To understand the basis of the bioelectronic coupling, the design and functionality of two 
different extracellular sensors are illustrated in the following: the field-effect transistor 
and the metal microelectrode (ME).  
The principle of sensing biological signals is similar for both sensor types. The recorded 
extracellular signal shapes can be simulated for both systems by a simple equivalent 
electrical circuit, the point-contact model (see chapter 3.2.2.5). 
 
3.2.2.1 Measurement setup for bioelectronic coupling 
Simultaneous recordings from neurons using patch-clamp pipettes and extracellular 
recording devices require a specialised experimental set-up. Differences to the 
measurement set-up described in chapter 3.2.1.2 will be mentioned subsequently.  
Similar setups with their special preamplifiers and amplifiers for the FET and ME arrays 
were described in detail before (Krause, 2000; Ingebrandt, 2001; Wrobel et al., in 
preparation). For extracellular recordings, either 8x8 ME or 4x4 FET arrays were used. 
All channels were individually accessible in these systems. Channel output was fed into 
the external input of an EPC-9 amplifier. In this configuration, multiple recordings could 
be averaged by a software routine in TIDA 5.x. 
Concerning the optical properties of MEAs (gold surface) and FETs (silicon substrate), 
microscopy could only be done with an upright microscope (Axiotech; Carl Zeiss AG, 
Germany) with a differential interference contrast (DIC) immersion objective (20x 
magnification; Fig 3.8). A digital camera (Axiocam; Carl Zeiss AG, Germany) was used 
for image acquisition and to allow a better visual control during pipette approach to a 
cell. 
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3.2.2.2 Extracellular sensors 
 
Field-effect transistor 
Recording extracellular signals from electrically active cells requires a sensor system 
capable to record small voltage changes. In this work open-gate FETs were used (Fig 3.9 
A). The design of the open-gate FET is similar to ion-selective FETs (ISFETs; 
(Bergveld, 1970). The transistors were arranged in a 4x4 array (Offenhäusser et al., 
1997), having source, drain, bulk and the gate connections. The gate structures had a 
width of 8 or 16µm and an electrical length of 1 or 2µm. The distance between the gates 
in the array was 200µm.  
The working principle of the FET can be explained in short as following. Applying a 
potential VDS between drain and source drives a current IDS through the gate channel (Fig 
3.10). A potential change ΔVGS at the gate influences the charge carrier density in the 
channel at the gate contact via the field effect and therefore modulates IDS. The efficiency 
of this modulation, which can be expressed as the gain of the device, is dependent on 
many different design parameters such as width and length of the channel, gate oxide 
material and thickness, series resistance of the source and drain lanes, carrier mobility in 
the channel and doping of the FET. Doping means the insertion of impurity atoms into 
the crystal structure of silicon. FETs, which are used in our institute are either n-doped 
 
Fig 3.8: Schematics of the measurement setup for bioelectronic coupling. Electrical activities of
neurons were recorded by a patch-clamp pipette and a ME or a FET, in parallel. Both, patch-clamp 
signal and extracellular recording data were routed to the EPC-9/2 amplifier and recorded by the 
TIDA 5.0x software.    
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by phosphor or p-doped by boron. In this work p-channel FETs with holes as the charge 
carriers in the inversion layer were used exclusively. The other design parameters were 
optimised for sensitivity and robustness in preceding projects (Offenhäusser et al., 1997; 
Krause, 2000; Ingebrandt, 2001). 
 
Metal microelectrodes 
As a second extracellular recording system planar MEs with 10, 20 or 30µm in diameter 
were used (Fig 3.9 B; Krause, 2000; Ecken et al., 2003). The distance between the 
recording sites was either 100 or 200µm. A thin film of gold (300nm), deposited on a 
glass surface, formed the recording sites and contact areas. Recording sites and contact 
areas were connected by conductor paths. A stack of O-N-O (SiO2 –Si3N4 – SiO2) 
isolated the device from the electrolyte solution. Contact electrodes to the electrolyte 
solution, uncovered by etching, are arranged in an 8x8 array. Signals were amplified by a 
customised amplifier system with special operational amplifiers (Wrobel et al., in 
preparation).   
FETs and MEAs as well as the amplifier systems were fabricated in preceding projects 
either in the Max-Planck-Institute for Polymer Research, Mainz, or in our institute and 
provided for this thesis.  
Fig 3.9: Encapsulated sensors used for bioelectronic coupling. A) p-channel FETs were arranged 
in a 4x4 array with distances of 200µm. They all share a common source having individual drains.
B) 8x8 array of gold MEs; modified from Ecken (2002).    
A 
B 
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3.2.2.3 Pretreatment of sensors 
The surfaces of the sensors had to be cleaned and modified before the use in cell culture. 
FET sensors and MEs were ultrasonificated first for 5 min in 2% (v/v) Hellmanex II 
solution and second for 5 min in MilliQ water. Then they were incubated in 20% (v/v) 
H2SO4 at 80°C to make the surfaces hydrophilic. After this treatment, the chips were 
thoroughly rinsed by MilliQ water and kept for at least 30 min in 70% ethanol for 
sterilisation.  
Before protein coating, chips were rinsed twice with PBS buffer solution and dried in 
airflow. Subsequently, the surfaces were coated with poly-(D)-lysine (200µg/ml) by 
incubation for 30 min at room temperature. Finally, the chips were rinsed twice with PBS 
buffer solution and dried in air before plating of cells. 
 
3.2.2.4 Signal acquisition in cell culture 
Signal acquisition in cell culture demands special requirements for the measuring setup. 
Since neurons are growing in an aqueous solution, all non-sensor parts have to be 
isolated from the electrolyte. In addition, a medium reservoir has to be obtained to 
provide nutrition of cells (Fig 3.9 A). This was obtained by encapsulation with a 
polydimethylsiloxane (PDMS) funnel and passivation with a stable isolation layer 
(Offenhäusser et al., 1997). Only the gate area remains in direct contact with the 
electrolyte solution. The electrolyte is set to a defined potential by a reference electrode. 
To be compatible to simultaneous electrophysiological measurements with the patch-
clamp technique, an Ag / AgCl electrode was used as a common reference electrode and 
set to ground (Fig 3.10). 
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3.2.2.5 The point-contact model 
Simulations of the signal shapes recorded by microelectronic devices can be performed 
using an idealised electrical equivalent circuit.  
The point-contact model (Fig 3.11) was proposed by (Regehr et al., 1989; Fromherz et 
al., 1991; Schätzthauer & Fromherz, 1998) to describe the extracellular voltage change 
due to APs from neurons recorded by a FET or a ME. Because it is assumed that all ionic 
currents are flowing across the membrane at one single point in the centre of the contact, 
the model is named point-contact model. The intracellular voltage VM of a cell is 
measured and controlled using the patch-clamp technique. Ion channels and leakage 
currents are described as Hodgkin-Huxley elements (HH; Hodgkin & Huxley, 1952). The 
membrane is divided into free membrane (AFM) and attached or junction membrane areas 
(AJM). Only HH elements of the AJM are contributing to the coupling. Between this part 
of the membrane and the transistor gate a cleft filled with electrolyte solution is forming 
a seal resistor Rj. The height of this cleft is usually around 100nm (Braun & Fromherz, 
1998; Höller, 2005), but is known to differ between cell types and with different adhesive 
proteins on the surface of the chips. 
Fig 3.10: Schematic of a p-channel open gate FET. For use in aqueous solutions an electrolyte
chamber and an Ag / AgCl reference electrode are used as gate contact. The FET has p-doped 
drain and source connections. A non-metallised gate with a certain length L between drain and 
source and a width W is isolated by a thin gate oxide from the electrolyte solution. The inversion
channel emerges if a certain potential VDS is applied between drain and source. A potential change 
at the gate surface, e.g. evoked by electrical active cells, modulates the drain-source current IDS. 
Changes in IDS are then further amplified by the amplifier unit; modified from Ingebrandt (2001). 
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The extracellular voltage Vj can be calculated by Kirchoff´s law summarising all possible 
currents according to equation 3.5. 
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Fig 3.11: Point-contact model for the description of extracellular recorded signal shapes of an
electrical active cell (Regehr et al., 1989; Fromherz et al., 1991; Schätzthauer & Fromherz, 1998). 
Changes of the intracellular voltage VM trigger ion channels, which can be described by Hodgkin-
Huxley elements (HH; Hodgkin & Huxley, 1952). The resulting extracellular voltage Vj in the 
cleft between transistor surface and cellular membrane modulates the drain source current IDS. 
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CJG    capacitance of the gate at the junction 
Vj    potential at the junction 
Rj     seal resistance of the cleft  
CJM     capacitance of the junction (attached) membrane 
VM      membrane potential 
RJM      resistance of the junction membrane 
EiJ0      Nernst potential across the junction membrane 
 
The right side of equation 3.5 represents the current through the attached membrane, at 
which 
 
( )
dt
tVtVd
C jMJM
)()( −
  represents the capacitive current and 
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tEtVtV )()()( 0  the ionic and leakage current. 
 
By three approximations the equation 3.5 can be simplified (Ingebrandt et al., 2005): 
1. The capacitive coupling of the extracellular signal through the gate oxide is 
negligible.  
j
jj
JG R
tV
dt
tdV
C
)()( <<  
2. The potential at the point contact (Vj) is small and its influence on membrane 
voltage (VM) can be neglected.  
)()()( tVtVtV MjM ≈−   
3. Assuming that the ion concentrations in the cleft do not change with respect to the 
bulk electrolyte, the reversal potential and, thus, the gating properties of channels 
are constant and do not depend on time.  
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Applying these assumptions to equation 3.5 leads to equation 3.6 describing the 
bioelectronic coupling. 
( )
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For calculations of the current across the attached membrane the classical description of 
an electrical membrane based on the squid giant axon (Eq 3.7; (Hodgkin & Huxley, 
1952)) can be integrated in the model. The resulting current depends on the membrane 
conductance for Na+ and K+, which is triggered by a certain probability (m, h & n) in 
dependence on Vmem.  
)()()( 43 LLKKNaNaM EVgEVngEVhmgI −+−+−=    Eq 3.7 
 IM  sum of currents across the membrane 
gNa, gK, gL conductance of the membrane for Na+, K+ or leakage 
conductance 
m, h, n probability of finding an ion channel in opened or closed 
state 
 ENa, EK, EL Nernst potential for Na+, K+ or leakage 
 
However, instead of calculating the currents by the HH element, the real measurement 
data from the patch-clamp recordings were used in this thesis.  
The point-contact model will be used to simulate extracellular signals of locust neurons 
recorded by FETs well as MEs. 
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Extensions of the point-contact model 
The point-contact model is in most cases precise enough to simulate extracellular 
recordings of neurons. However, with strong ion currents in the cleft, small deviations in 
the signal shape occur. Therefore, often correction factors were needed in recent works. 
To enhance the accuracy, first an extension of the point-contact model – the sheet 
conductor model - was introduced by Weis et al. (1996). A planar, circular conductor 
model with the attached membrane and the contact area enclosing a sheet of electrolyte 
simulated the cell-sensor contact. Applying methods of the cable theory, a voltage 
distribution with a drop to the periphery can be simulated. 
More complex models are considering electrodiffusive potentials between the electrolyte 
solution in the cleft and in the bulk (Brittinger & Fromherz, 2005; Wrobel et al., 2005). 
Taking the three dimensionality of the interface with a certain radius and height and the 
resulting volume into account, a change of the ionic concentration in the cleft has to be 
compensated by ions from the bulk to preserve electro neutrality. Additionally to a fast 
electrical signal component, which can be simulated by the point-contact model, a slower 
rise and decline of a potential due to diffusion of ions contributes to the FET signal 
amplitude and its time constants. As additional components, the ion selectivity of the 
silicon dioxide surfaces is discussed (Ingebrandt, 2001; Brittinger & Fromherz, 2005; 
Wrobel et al., 2005). 
 
3.2.2.6 Simulation of extracellular signals by the point - contact model 
Extracellular recordings of neuronal signals recorded by FETs or MEs were simulated by 
the point-contact model in PSpice (OrCAD PSpice 9.1 student version). The required 
parameters Rmem, Cfast, Rser, Cslow, leakage current, the applied stimulation pulses and the 
current or voltage responses of the cell were obtained by patch-clamp measurement. The 
recorded neuronal responses were used instead of applying the Hodgkin-Huxley elements 
(chapter 3.2.2.5). Since only the attached part of the cellular membrane contributes to the 
extracellular signal, the parameters were scaled with a certain percentage. It was assumed 
that the neurons had a hemispheric shape on the surface and therefore 30% of the 
membrane was attached. Transmission electron micrographs of HEK293 cells attached to 
coated silicon oxide surfaces revealed a similar value of 28% (Höller, 2005). However, in 
the point – contact simulation the amount of membrane area is not changing the resulting 
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signal shapes (Ingebrandt et al., 2005). For all simulations in this work, the attached 
membrane area was scaled to 30%.  
To fully simulate the recorded signal shapes, the transfer characteristics of the amplifier 
electronics must be included in the model. This was realized by a low-pass filter with a 
time constants of 0.2ms for the FET setup and 1ms for the MEA setup. These values 
were obtained from test measurements.  
During signal fitting, the seal resistor Rj for each coupling measurement was obtained by 
fitting the capacitive peak amplitude of the simulated signal and the recorded FET signal 
according to Ingebrandt et al. (2005).     
 
 
3.3 Statistical analysis 
Quantified results are expressed as mean ± standard deviation and assessed for 
significance using the unpaired Student’s t-test. Differences between samples were 
designated significant at the probability p < 0.05 and highly significant at p < 0.01.
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Chapter 4 – Results 
 
4.1 Cell culture  
Neurons were cultured and studied for up to four weeks. First neurite outgrowth was 
observed a few hours after attachment to the surface. After four days in culture the 
neurons were morphologically differentiated and showed a broad variety in shape and 
size. From this point of time neurites did not extend any longer but they tended to ramify 
further.  
Neurons had a soma size between 10 to 120µm with neurite lengths between two- or 
fourfold soma size. Sometimes neurites were much more elongated. Neurons with larger 
soma diameter tended to less and shorter neurite outgrowth. The general morphology was 
unipolar, bipolar or multipolar. Fig 4.1 A shows an unipolar neuron with only one large 
neurite, which ramified at its end. The neurons in Fig 4.1 B & D showed neurite 
outgrowth in two directions and are therefore named bipolar. The specification of a 
primary neurite can hardly be done by only morphological parameters like length and 
thickness of the neurites. Multipolar neurons (Fig 4.1 C) showed more than two neurites. 
A classification of neurites into axon and dendrite by morphological criteria is 
impossible. Also the depth of branching differed from neuron to neuron. For example, 
two bipolar neurons showed either a simple branching pattern (Fig 4.1 B) or neurites, 
which ramified very often (Fig 4.1 D).  
Scanning electron microscopy revealed different soma forms. Some were spherical and 
only a small portion of the soma membrane attached to the surface (Fig 4.2 A) whereas 
others were hemispheric (Fig 4.2 B).  
Neurites of adjacent neurons often grew toward each other and formed morphologically 
connected networks. Depending on the cell density different morphologically connected 
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networks of neurons were observed. In areas with a high cell density, clusters of network 
forming neurons were found (Fig 4.3 A). In low-density areas, networks consisted only 
of a few neurons (Fig 4.3 B & C).  
Fig 4.2: Scanning electron micrographs of neurons cultured on conA coated cover slips. Neurons
showed different attachment behaviour. Some neurons had a spherical shaped soma and seemed to
adhere only with their neurites.(A). Others had hemispheric somata (B); DIV 6, scale bar 25µm. 
A B 
Fig 4.1: Phase-contrast micrographs of neurons cultured on conA coated cover slips. The neurons
showed a broad variety of neurite outgrowth: unipolar (A), bipolar (B) or multipolar (C). Some of 
the neurons had dense ramified neurites (D); A-C: DIV 6; D: DIV8; scale bar 50µm. 
 
A B 
C D 
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Fig 4.3 A: Phase-contrast micrograph of cultured neurons in an area with a high cell density on a 
conA coated cover slip. Neurons formed clusters with a high amount of morphological
connections. DIV 6, scale bar 100µm. In areas with a lower neuronal density only few (B) or two
(C) contacted to each other; DIV 6, scale bar 50µm. 
A 
B C 
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4.1.1 Effects of substrate pretreatment 
Interactions between cell membrane proteins and molecules on the surface of the 
substrate are important for attachment of neurons, their viability and outgrowth (Geiger 
et al., 2001; Gumbiner, 1996; Hynes, 1999). Therefore, the influence of common used 
coating molecules poly-(D)-lysine (PDL), laminin and concanavalin A (conA) on these 
parameters was tested. As control neurons were cultured on plain glass cover slips. The 
total number of cells and additionally those neurons, which regenerated neurites, were 
counted every second day between DIV 1 and 14. Because different numbers of cells 
adhered on the coatings (167 ± 81 on conA, 142 ± 64 on PDL, 123 ± 71 on laminin and 
122 ± 58 on uncoated surfaces, n = 8) the data of each day were referred to the total cell 
count on DIV 1 and set as 100%.  
The survival rate was on protein coated surfaces slightly higher than on glass (Fig 4.4 A). 
Only conA had a significant effect on growth (Fig 4.4 B). Neurite regeneration was 
enhanced by 9.1% (p = 0.03) on DIV 5 and by 8.5% on DIV 7 (p = 0.0001) compared to 
uncoated cover slips.  
As a consequence following experiments were performed on conA-coated surfaces. 
Exceptions are mentioned explicitly.  
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Fig 4.4: Effect of coating proteins on neuronal survival rate (A) and growth (B). Neurons were 
counted on DIV 1, 3, 5, 7 and 11. All data were referred to the cell count on DIV 1 (100%). The
number of sprouting neurons of each day was counted and related to the total cell count on DIV 1
(n=8). 
Cell cultures growing on glass cover slips coated with different proteins (conA, PDL and laminin)
were compared to uncoated cover slips. ConA increased neurite growth significantly (DIV 5,
p = 0.03 & DIV 7, p = 0.0001).  
A 
B 
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4.1.2 Effects of supplements 
In order to enhance viability and growth of cultured neurons different supplementary 
factors were tested. 20-Hydroxyecdysone (20-HE), insulin, Nerve Growth Factor (NGF) 
and combinations of insulin and NGF with 20-HE were added to the culture medium. 
Pure culture medium was used as control. Results were determined similar to chapter 
4.1.1. Neurons were counted on each second day between DIV 1 and 10. The data of 
each day were related to the total cell count on DIV 1, which was set as 100%.  
The survival rate was unaffected by the supplements (Fig 4.5 A).  
In contrast the branching rate (Fig 4.5 B) was significantly enhanced by insulin on DIV5 
(+11.4%, p = 0.03) and highly significantly enhanced on DIV 10 (+11.5%, p = 0.003).  
The combination of insulin with 20-HE also enhanced the neurite outgrowth persistently. 
It differed from control on DIV 1 (+3.4%) and DIV 5 (+9.7%) significantly (p = 0.045 & 
p = 0.02). On DIV 7 (+13.8%) and on DIV 10 (+11.2%) were the differences highly 
significant (p = 0.008 & p = 0.005). 
The supplement combination insulin / 20-HE was used in subsequent experiments due to 
its persistent positive effect. 
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Fig 4.5: Influence of various supplements on neuronal survival (A) and growth (B). Neurons were
counted on DIV 1, 3, 5, 7 and 10. All data were referred to the cell count on DIV 1 (100%). The
number of sprouting neurons of each day was counted and referred to the total number of neurons
on DIV 1 (n=6 to 8).  
Cell cultures growing in culture medium supplemented with NGF, insulin, 20HE or combinations
of NGF and insulin with 20HE were compared to unsupplemented medium. None of the 
supplements had an effect on survival (A) whereas growth was enhanced by insulin significantly at
DIV 5 (p = 0.03) and highly significantly at DIV 10 (p = 0.003). Combining insulin with 20HE led
to a persistent increase of neurons with branches. Compared to control the data were significantly
(DIV 1, p = 0.045 & DIV 5, p = 0.02) or highly significantly (DIV 7, p = 0.008 & DIV 10, p = 
0.005) different.  
 
A 
B 
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4.1.3 Distinguishing neurons from glial cells 
To estimate the portion of glial cells in the established primary cell culture of locust 
neurons an antibody against horseradish peroxidase (antiHRP antibody) was used, which 
is known to cross-react with a surface protein, nervana, of insect neurons. Additionally 
nuclei of all cells in culture were stained by the DNA intercalating dye DAPI.  
As expected in neuronal cells colocalisation of antiHRP staining and DAPI staining was 
found (Fig 4.6 A). Cell cores without colocalisation with antiHRP staining were utmost 
probably glial cells. These cells were inhomogeneous distributed in the culture and 
formed sometimes clusters (Fig 4.6 B). 
Unfortunately the optical properties in phase-contrast microscopy of embedded neurons 
were not the same as in untreated cultures. Nevertheless these results are confirmed in 
phase-contrast microscopy (Fig 4.7 A & B). Neurons were identified by a similar 
morphology. Glial cells had smaller somata and showed no bright surrounding in phase-
contrast microscopy. 
 
Fig 4.6: Superposition of two confocal laser-scanning micrographs of staining of the neuronal 
surface protein nervana (red) and of a DAPI staining to visualise nuclei of cells (blue). Neuronal
membrane surfaces were stained intensively. Neuronal somata were identified by colocalisation of
antiHRP antibody and DAPI staining, glial cells were identified by a DAPI staining alone.
Normally, the amount of glial cells was low (A), but in some regions of the culture dish these cells 
formed clusters (B); scale bar 40µm. 
 
A B 
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4.1.4 Retrograde staining of neuronal somata in situ 
In order to compare data from cultured neurons with their in vivo properties defined 
neurons were stained retrogradly by backfilling with dextran-tetramethylrhodamine. 
Application of the dye at the cut end of nerves 5 led to retrograde diffusion through the 
axon into cell bodies of neurons (Fig 4.8 A). 
The fluorescent dye was transferred into the somata by diffusion. Intensity of staining 
was dependent on dye concentration, incubation time and axon diameter. Neurons with 
large axons were stained first due to faster diffusion. At longer incubation time these 
cells were stained more intensively and additionally neurons with smaller axon diameter 
were visualised. Best results were obtained with a dye concentration of 1% (w/v) 
dissolved in pipette solution and incubation at 4°C over night. 
Using these parameters stained clusters of somata on the ventral side frontal to the nerves 
5 and mostly six somata in the midline of the dorsal side were obtained. Due to their 
position these cells were identified as motoneurons (MNs, Fig 4.8 B) and Dorsal 
Unpaired motoneurons (DUMs, Fig 4.8 C). These neurons were isolated from the 
ganglion and cultured separately (see chapter 3.1.7).  
Fig 4.9 shows a stained motoneuron in culture. The staining protocol did not affect 
neurite outgrowth. 
A B 
Fig 4.7: Phase-contrast micrographs of neurons and glial cells cultured on conA coated cover
slips. Cells with similar morphology as antiHRP stained cells were identified as neurons. Some
of the assumed glial cells are marked by a red arrow. DIV 6; scale bar 50µm. 
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Fig 4.8 A: Confocal laser scanning micro-
graph (averaged stack, miscoloured) of a 
metathoracic ganglion stained with a 
dextran-tetramethylrhodamine solution (1% 
w/v) via both nerves 5. For imaging the 
ganglion was fixed with 4% PFA, washed 
three times with PBS, dehydrated in an 
ascending ethanol series and cleared in 
methylsalicylate; scale bar 200µm.  
B: Detailed view on the motoneurons 
innervating the hind leg. The neuron with 
the largest soma is the FETi, (arrow); scale 
bar 50µm. C: Detailed view on the DUM 
neurons; scale bar 50µm). 
Fig 4.9 A: Phase-contrast micrograph of isolated neurons after retrograde staining with 1% (w/v)
dextran-tetramethylrhodamine on a conA coated cover slip (DIV 2). Stained cells adhered and
grew comparable to unstained cells. B: Fluorescent micrograph of this neuron; scale bar 50µm. 
A B 
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4.1.5 Patterning of substrates 
4.1.5.1 Topographical guiding 
Topographical structures produced of SU-8 photo resist were used to control soma 
position by pits and neurite outgrowth by grooves. Plating cell suspensions on such 
structures resulted only by chance in a correct soma position in a pit. Even neurite 
outgrowth was not controlled by the structure (Fig 4.10).  
To enhance the number of neurons in designated structures single somata were isolated 
and positioned by either sucking on the tip of a glass pipette or by manipulating with a 
flow of medium. Positioned neurons did often not adhere well or showed no outgrowth. 
Silanisation of the tip enhanced the amount of growing neurons up to 20% 
(N. Lautemann, personal communication) but control of neurite outgrowth by grooves 
could only be shown in a few experiments with cricket neurons (A. Reska, personal 
communication).  
 
 
Fig 4.10: Micrograph (DIC) of a guiding 
experiment with topographical structures formed 
of SU-8 photo resist. Locust neuron (DIV 5) 
cultured in an uncoated SU-8 structure. The 
soma was inside of a pit but growth was not 
restricted by grooves; scale bar 50µm. 
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4.1.5.2 Chemical guiding 
In contrast to topographical guiding by encaging soma and neurites chemical guiding is 
based on a contrast of cell adhesive and repulsive molecules. For example, the growth of 
vertebrate neurons is restricted to a pattern of ECM gel (cell adhesive) if it is printed on a 
repulsive polystyrene background (Lauer et al., 2001; Vogt et al., 2003).  
In chapter 4.1.1 locust neurons were shown to grow on all tested substrates even on plain 
glass. To guide locust neurons cell repellent materials were required. A variety of 
substances were shown to be toxic (polysiloxane) or not repulsive (alginic acid, 
palladium, gold, copper, aluminium; P.Schulte, personal communication) for cultured 
cricket neurons. In locust neuronal cell culture alginic acid and perfluorosilane did not 
prevent cell adhesion. Polysiloxane turned out to be toxic.  
First promising results were obtained using surfaces coated with linear PEG. Attachment 
of neurons was reduced or inhibited in some preparations (Fig 4.11 A). Also surfaces 
with stripe patterns were tested. PEG was bound to gold on prepatterned surfaces and 
afterwards the remaining glass areas were coated with conA. In these experiments 
attachment of neurons to PEG coated gold stripes was reduced but not neurite outgrowth 
(Fig 4.11 B). The cell repellent effect of linear PEG was not reliable. 
Fig 4.11 A: Neurons cultured on an uncoated gold surface (control) and on NH2-PEG covalently 
linked to gold surface by DTSP (DIV6). Attachment of locust neurons was reduced on PEG coated
surfaces. B: Neuron on a glass cover slip with gold stripes. PEG was linked to gold by DTSP and 
the remaining surface was coated with conA. PEG reduced attachment of neurons but did not
prevent neurite growth. 
A B 
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Another method using PEG as a cell repellent substrate was shown by Schulte et al. 
(2005) for cricket neurons. ConA patterns printed on StarPEG led to reproducible 
guiding of neuronal adhesion and outgrowth of cricket neurons. Fig 4.12 (A) shows 
locust neurons cultured on such a surface. Nearly all somata were positioned on either a 
crossing or a line of the conA pattern even though soma sizes exceed the line width 
(7µm). Furthermore the lines controlled the direction of neurite outgrowth. Bending or 
branching happened following the rectangular form of the pattern (Fig 4.12 B). The 
distance between lines or crossings was 50µm allowing neurons to form morphologically 
connections (Fig 4.12 C).  
Fig 4.12: Phase contrast micrographs of cultured neurons (DIV 4) on a StarPEG surface with
printed conA pattern (7µm line width and 50µm line length). A: Overview; neurons adhered on
conA molecules and neurite regeneration followed the pattern; scale bar 200µm. B: Single neuron 
adhered on a crossing of lines. Neurites grew along the lines and followed even rectangular
bending. C: Morphologically connected neurons; scale bar (B & C) 50µm. ConA / StarPEG 
surfaces were provided by A. Reska and P. Gasteier. 
A B 
A 
C 
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4.2 Electrophysiology of single neurons 
 
The microscopic characterisation of the primary cell culture revealed morphological 
intact neurons, which regenerated their neurites. The electrophysiological vitality was 
investigated by whole-cell patch-clamp recordings. First, typical neuronal responses were 
identified and the electrophysiological properties of the neurons statistically analysed. 
Also possible effects due to surface patterning were inspected. Finally, pharmacological 
characterisation of ion channels was performed on identified neurons. 
 
For the statistical analysis of electrophysiological properties data of following 
experiments were excluded: 
1. Data of neurons damaged by patch-clamp procedure and technically insufficient 
experiments were neglected. Critical parameters for exclusion were a Vrest more 
positive than -35mV, leakage currents larger than 5nS, a membrane resistance of 
more than 10GΩ and a series resistance about ten times higher than pipette 
resistance indicating resealed membranes or blocked pipette tips.  
2. To ensure that the statistic represents the entirety of cultured neurons without a 
shift to a specific neuronal population data of identified neurons were not taken 
into account. 
 
Patch clamp recordings of single neurons revealed three different classes of neurons 
according to their electrophysiological responses to depolarising current pulses. For 
detailed analysis of current density-voltage relations and τ five neurons of each class 
were chosen randomly.  
• The first class of neurons - in the following called nonspiker - generated even to 
high (1nA) current pulses no AP (Fig 4.13 A). Injected currents elicited graduated 
and sustained depolarisations. In some experiments a transient depolarisation or 
oscillation shortly after stimulus onset occurred followed by the sustained 
depolarisation. Kinetics of an AP were never observed.  
Voltage-clamp recordings revealed no or at most a very low inward current 
starting at depolarisations more positive than 0mV. Sustaining outward currents 
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were observed at a Vmem more positive than -50mV. They increased linear with 
stimulation voltage. Rarely, small transient inward currents shortly after stimulus 
onset were observed. 
Nearly half of the recorded neurons (47%) belonged to this class. 
• In the second class - in the following called spiker - current injections up to 1nA 
evoked one AP followed by a sustained depolarisation (Fig 4.13 B). Sometimes 
small oscillations followed the AP.  
Voltage steps leading to a Vmem more positive than -50mV caused inward 
currents. They increased until a Vmem of 0mV was reached. If the neurons were 
further depolarised the current amplitude decreased slowly in a linear way. The 
observed outward currents resemble those of nonspiker. Applying increasing 
voltage steps to spiker elicited linear increasing sustained outward currents, if a 
threshold of a -50mV was exceeded. Additionally, transient positive current peaks 
briefly after stimulus onset were observed. 
In 35% of all experiments the neurons could generate one AP. 
• To the third class - in the following called burster - belong all neurons with the 
ability to generate series of APs at the soma (Fig 4.13 C). Even small depolarising 
currents could evoke such bursts. This high excitability was also reflected in 
voltage-clamp mode. The threshold for opening of inward channels was at a Vmem 
of -60mV. Increasing stimuli up to a Vmem of -20mV extended the amplitude of 
elicited inward currents. Further depolarisation led to a slow decrease of the 
amplitude. The kinetic of channels leading to outward currents was similar to the 
two classes described above. Here, depolarising voltages exceeding a Vmem of 
-50mV led to linear increasing sustained outward currents.  
This class represented the smallest number of neurons. Only 18% of all neurons 
were able to generate series of APs. 
Results: Electrophysiology   
 60 
Fig 4.13: Whole-cell patch-clamp recordings (current-clamp mode; left traces & voltage-clamp 
mode; right traces) of three exemplary neurons. Concerning their electrophysiological response to
a current pulse they were classified into nonspiker (A), spiker (B) and burster (C). A 200pA 
current pulse elicited a graduated potential at the soma of nonspiker (A). In voltage-clamp mode, 
only outward directed currents were recorded. Spiker (B) were able to generate one AP followed
by sustained depolarisation. In this experiment short oscillations after the AP were recorded. The
voltage-clamp mode revealed a transient inward current followed by a transient and a sustained
outward current. Burster (C) showed a series of APs during the depolarising pulse. This is
represented in voltage-clamp mode by repeated transient inward currents. 
 
 
 
A 
B 
C 
                                                                                                    Results: Electrophysiology 
 61
The current density / voltage relations confirm the electrophysiological differences 
between the three classes (Fig 4.14, data obtained from five arbitrarily chosen neurons 
per class). These relations describe the amount of ionic current induced by different Vmem 
normalised to the surface area. 
Nonspiking neurons showed no or less inward currents whereas the amount of outward 
currents was very high. The inward current density (Fig 4.14 A) of spiker and burster are 
comparable, but bursting neurons had a slightly more negative threshold than spiker.  
The outward current density (Fig 4.14 B) is drastically lower in burster than in the other 
neuron classes. At a Vmem of +70mV the current density of nonspiking neurons is 
0.96 ± 0.40 µA/mm² and of spiker (0.68 ± 0.55µA/mm²). That of bursting neurons is 
significantly lower (0.42 ± 0.38µA/mm²; p = 0.03) compared to nonspiker. 
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Fig 4.14: Current density / voltage relation of the three neuron classes. Data were averaged from 
respectively five arbitrary chosen neurons per class. Their maximal inward and the mean of their
sustained outward current were measured in dependence on the membrane potential and divided
by their membrane surface area. The curves of different neurons were slightly shifted to show the
standard deviation. 
A: Nonspiker showed no or even a low inward current at membrane potentials more positive than
0mV. In neurons, which were able to generate action potentials (APs), inward directed channels 
opened due to depolarisations above a certain threshold (spiker: -50mV; burster: -60mV). 
Resulting currents reached a maximum of -0.28µA/mm² (spiker: at -10 mV; burster: at -20mV 
membrane potential) and decreased than slowly in a linear way.  
B: The threshold of outward directed ionic currents was at –50mV. Currents increased linear with 
depolarisation. Nonspiking neurons showed larger outward currents (0.96 ± 0.40µA/mm²) than 
spiking (0.68 ± 0.55µA/mm²) and bursting neurons (0.42 ± 0.38µA/mm²). The value of nonspiker 
and burster differed significantly (p = 0.03; all at Vmem = +70mV). 
A 
B 
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Next to the current density / voltage relations more general properties like Vrest and 
membrane surface were compared. 
The Vrest of neurons gives information about neuronal vitality. The comparison of the 
averaged Vrest of the three classes yielded no significant differences. Although the burster 
had a slightly more negative Vrest (-46.0mV compared to -41.6mV [nonspiker] and 
-42.3mV [spiker]). These similar values indicate that these neurons indeed represent 
three different electrophysiological classes more than simply neurons with changed 
properties due to e.g. physical damage or anoxia. 
The surface of the neurons was calculated by equation 4.1. For validity of equation 4.1 
the diameter of five neurons was measured from micrographs and their membrane 
surface area was calculated by equation 4.2. A hemispheric shape was assumed. 
spec
slow
c
C
A =    Eq 4.1 
ππ 22 )4(
2
1 rrA +=   Eq 4.2 
  A = surface 
  Cslow = membrane capacitance of a neurons; value taken from TIDA 5.x 
  cspec = capacitance of a lipid bilayer; 1µF/cm² 
  r = soma radius 
 
Calculations based on equation 4.2 revealed a slightly larger surface area (0.13 
± 0.06mm²) than the value (0.07 ± 0.05mm²) calculated using the equation 4.1. Neither 
the calculations by direct diameter measurements nor by using Cspec will presumably 
represent the real surface area of the neurons. The first method assumes a hemispheric 
form of the cell body and neglects surface areas of neurites or the roughness of the 
membrane. On the other hand is Cspec a standard value for pure lipid bilayers. 
Incorporated proteins or even pores and channels are not considered. Nevertheless these 
methods permit a rough estimation of the membrane surface area.  
Using equation 4.1 gives a similar surface area for nonspiker and spiker. The value for 
burster is slightly higher (+0.02mm²; Tab 6.1).  
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 Nonspiker Spiker Burster 
Vrest [mV] -46 ± 6 -42 ± 4 -49 ± 5 
Cslow [pF] 59 ± 10 72 ± 34 106 ± 51 
Calculated surface 
area [mm²] 0.06 ± 0.01 0.07 ± 0.03 0.11 ± 0.05 
Membrane time 
constant τ  [ms] 28 ± 13 27 ± 19 47 ± 29  
Total amount 5 5 5 
 Nonspiker Spiker Burster 
Vrest [mV] -42 ± 6 -42 ± 3 -46 ± 6 
Cslow [pF] 52 ± 41 51 ± 30 74 ± 55 
Calculated surface 
area [mm²] 0.05 ± 0.05 0.05 ± 0.03 0.07 ± 0.06 
Total amount 87 65 33 
Percentage [%] 47 35 18 
To determine general differences in membrane composition τ was calculated for the five 
chosen neurons of each class exemplarily as described in chapter 3.2.1.7. 
The time constants did not differ between nonspiking neurons (28 ± 13ms) and spiking 
neurons (27 ± 19ms). For bursting neurons τ was longer (47 ± 29ms; Tab 4.2), but not 
significant different.  
Tab 4.1: Comparison of the three classes of neurons. Their averaged Vrest were not significantly 
different. But bursting neurons had a slightly greater surface area than nonspiker and spiker. Most
neurons had no electrical excitable soma (47%) but 35% supported single APs and 17% bursts of
APs.  
Tab 4.2: Comparison of the properties of five randomly chosen neurons of each class for
determining current density / voltage relations. Their values are in the normal range of these
classes. 
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4.2.1 Neurons on chemically patterned surfaces 
In order to exclude effects of patterned surfaces on the electrical activity patch-clamp 
experiments were performed on neurons grown on conA / StarPEG patterns. Data were 
obtained from eight neurons with a Vrest in a range of –39mV to –50mV of which three 
belong to the group of nonspiker, four showed single APs and one was a burster.  
Fig 4.15 shows one of the spiking neurons. Modification of substrates with conA / 
StarPEG pattern had no influence on the electrical activity of neurons. 
Fig 4.15: Whole-cell current-clamp recording of a neuron on a conA pattern printed on StarPEG
(Vrest -50mV; DIV 8).  
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4.2.2 Identified neurons 
In order to obtain information about the effects of cell culture conditions on 
physiological properties of the neurons retrograde staining via nerve 5 was arranged 
before the neurons were cultured. Under optimum conditions motoneurons innervating 
the hind leg, six DUM neurons and three common inhibitor neurons were marked (see 
also chapter 3.1.4). Either all stained neurons or exclusively the motoneurons were 
cultured separately and investigated concerning their electrophysiological properties by 
patch-clamp technique and application of ion channel blockers. 
All recorded neurons had electrical active somata. The distribution between spiker (n = 
11) and burster (n = 9) was nearly equal. Eight of the recorded neurons were 
motoneurons. Five of these motoneurons were burster and three spiker. The median Vrest 
and τ of the two electrophysiological classes were comparable. Cslow values differed 
highly significant (spiker: 77 ± 52pF; burster 165 ± 62pF; p = 0.002) indicating different 
membrane surface areas. If only motoneurons were regarded, a similar trend was seen: 
spiker 111 ± 86pF, burster 162 ± 78pF (Tab 4.3).  
 All Spiker (all) Burster (all) Spiker (MNs) 
Burster 
(MNs) 
Vrest [mV] -47 ± 9 -45 ± 9 -51 ± 6 -51 ± 12 -55 ± 5 
Cslow [pF] 114 ± 71 77 ± 52 ** 165 ± 62 ** 111 ± 86 162 ± 78 
τ [ms] 35 ± 18 36 ± 19 34 ± 17 356 ± 28 35 ± 19 
Total amount 20 11 9 3 5 
 
Tab 4.3: Comparison of Vrest and membrane properties. Stained neurons belonged to the classes
spiker and burster. Nonspiker were not observed. Similar to previous results, their Vrest were not 
different. Also τ was always around 35ms. Regarding all stained neurons Cslow differed highly 
significant between spiker and burster (p = 0.002; indicated by asterisks). 
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Fig 4.16 shows whole-cell patch-clamp recordings (current-clamp mode) of a bursting 
motoneuron in presence of different blocking agents. Under physiological conditions 
(superfusion with NSS) the neuron fired repetitive APs to a depolarising current pulse. 
Adding 30mM of the K+-channel antagonist TEA did not influence the generation of 
multiple APs. Additional application of 100nm TTX (Na+-channel antagonist) 
extinguished the APs. Only a small bulge remained. The duration of this bulge was 
prolonged if 1mM of the Ca2+-channel antagonist CdCl2 was added to the TEA / TTX 
solution. Removing of TTX led to recurrence of single APs. After washing with NSS for 
20 min the effects were partial reversible and even repetitive APs recurred. It is 
noteworthy, that in presence of CdCl2 the ability of generating series of APs was lost. 
The effects of ion channel blockers can be seen in current / voltage relations (Fig 4.17). 
The data of three bursting motoneurons were normalized to the maximal current 
amplitude during superfusion with NSS (at 0mV for inward currents & at 30mV for 
outward currents) and averaged.  
Blocking of voltage and cation-gated K+ channels by TEA led to a significant (p = 0.02) 
increase of inward currents at Vmem = -30mV presumably by the lack of rectifying 
outward currents (Fig 4.17 A). The blocking effect on outward currents was weak (Fig 
4.17 B). Presumably, voltage-gated K+ channels were only blocked partially, whereas 
more cation-dependend K+ channels switched to open state due to an influx of Na+ or 
Ca2+. 
If K+ and Na+ channels were blocked together the inward currents vanished completely 
(Fig 4.17 A; p < 0.05 at Vmem = -20mV; p < 0.01 at Vmem ≥ -10mV). Outward currents 
were diminished to around 50% of the value under physiological conditions (Fig 4.17 B; 
p < 0.05 at Vmem = 0mV; p < 0.01 at Vmem ≥ 10mV) indicating a block or less activation 
of K+ channels. 
Removing of blocking agents by superfusion with NSS reverted the effects on outward 
currents and decreased it on inward currents. 
The data of superfusion with the Ca2+ channel antagonist CdCl2 are not shown, since it 
did not affect the current amplitudes. 
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Fig 4.16: Effects of channel antagonists TEA, TTX and CdCl2 on Vmem of an identified bursting 
motoneuron (Vrest -51mV; DIV6). TEA had no influence on spiking behaviour. Adding TTX
abolished the APs. During superfusion with a CdCl2 / TEA solution single APs were evoked. After 
washing with NSS repetitive APs recurred.   
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Fig 4.17: Mean current / voltage relations of three bursting motoneurons in presence of different
blocking agents. The data were normalised to the maximal current amplitudes before addition of
blocking agents (at 0mV for inward currents & at 30mV for outward currents). A: Inward currents
were increased significantly (p = 0.02) by addition of TEA at Vmem = -30mV. Addition of TTX led 
to complete inhibition (p < 0.05 at Vmem = -20mV; p < 0.01 at Vmem ≥ -10mV). Exchanging 
solutions by NSS removed the blocking effects partially.  
B: Outward currents were slightly decreased during superfusion with TEA, whereas addition of
TEA and TTX simultaneously decreased the amplitude highly significant (p < 0.05 at Vmem = 
0mV; p < 0.01 at Vmem ≥ 10mV). Exchanging solutions by NSS removed the blocking effects.  
 
A 
B 
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The effects of drugs on APs were determined directly by measuring the half-maximal 
time, which is the duration of an AP on half of its amplitude. Fig 4.18 shows a recording 
of a bursting motoneuron (current-clamp mode) during superfusion with NSS (solid line), 
CdCl2 (dashed line) and a solution of TEA and TTX (dotted line). Application of CdCl2 
prolonged the half maximal time whereas blocking of K+ and Na+ channels led to a 
disappearance of APs except for a long lasting bulge. A block or less activation of 
rectifying outward currents might explain the shorter rise times in the presence of drugs.  
Tab 4.4 summarises the effect of the different drugs on half-maximal AP-width. The 
half-maximal AP durations of several identified motoneurons were averaged and 
normalised to the data obtained during superfusion with NSS. If TEA was presented no 
effect was observed. Applying CdCl2 solely (p = 0.004) or in combination with TEA 
increased the half-maximal time. Also TEA and TTX together led to a significant 
increase (p = 0.009). Applying CdCl2, TEA and TTX at the same time extended the 
effect further. 
 
 
 
 
Fig 4.18: Effects of blocking agents on shape of APs of an identified motoneuron. During
superfusion with CdCl2 the threshold for an AP was reached earlier but their half-maximal time 
was increased. Exchanging the CdCl2 solution by a TEA / TTX solution abolished the APs and
increased the rise time further. 
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 Ringer CdCl2 TEA 
TEA 
CdCl2 
TEA 
TTX 
TEA 
TTX 
CdCl2 
Ringer
Half 
maximum 
width [%]
100 ± 0 141 ± 60 ** 
112 ± 
33 282 
412 ± 
425 ** 843 
128 ± 
49 
Total 
amount 7 5 6 1 5 1 4 
Tab 4.4: Comparison of half-maximal AP-width during superfusion with different drugs. The 
value of the first induced AP prior to adding of blocking agents was set as 100%. CdCl2 solution 
(p = 0.004) or a mixture of TEA and TTX led to a highly significant prolongation of action
potentials (p = 0.009; indicated by asterisks). Additional superfusion with TEA and CdCl2 as well 
as TEA, TTX and CdCl2 to one neuron increased the half-maximal width drastically. Superfusion 
with NSS removed the effects. 
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4.3 Neuronal networks in culture 
An important issue for information processing within constructed neuronal networks in 
vitro is the regeneration of synaptic connectivity. For evaluation of synapse formation in 
culture simultaneous patch-clamp experiments of two morphologically connected 
neurons were performed. Postsynaptic responses to stimulation of presynaptic neurons 
were recorded in 42 experiments. 38 chemical and 4 electrical synapses were observed. 
In addition, spontaneous postsynaptic events were observed, if neurons were grown in 
clusters (n = 19).  
As GABA and glutamate are the most frequent chemical neurotransmitters within the 
thoracic ganglia their contribution to synaptic transmission in culture was tested. Dose / 
reponse curves for both neurotransmitters and their antagonists were determined. Based 
on these results the effect of antagonists on signal transmission was investigated (n = 8).   
Synaptic connectivity can be studied at best by direct correlation of postsynaptic and 
presynaptic events. Morphologically connected neurons were recorded simultaneously 
and stimulated vice-versa. Two types of synapses were found in culture, chemical and 
electrical. 
 
4.3.1 Chemical synapses 
Signal transmission between neurons via chemical synapses has following 
characteristics: due to neurotransmitter release, diffusion over the synaptic cleft and 
triggering of channels at the postsynaptic membrane postsynaptic signals follow 
presynaptic signals with a certain delay in millisecond range. A signal can only pass a 
synapse in one way. Bidirectional signal transmission can only occur if there are two 
unidirectional synapses passing signals into different directions. Only depolarisations 
lead to neurotransmitter release and postsynaptic signals.  
Typical current-clamp recordings of two neurons simultaneously connected by a 
chemical synapse are shown in Fig 4.19. While stimulation of one neuron failed to elicit 
a postsynaptic response in the other neuron, stimulation in opposite direction resulted in 
postsynaptic potentials correlated to APs. Hyperpolarising presynaptic stimuli did not 
affect the postsynaptic neuron. 
                                                                                                    Results: Electrophysiology 
 73
Fig 4.20 shows an enlarged sectional view on the recording in Fig 4.19. A 200pA 
depolarising stimulus evoked three APs. Two of those occurred in between 20ms and one 
with an interspike interval of around 30ms. Each AP led to a depolarising postsynaptic 
potential with a latency of 0.8ms to 1ms. Consecutive APs resulted in a summation of 
postsynaptic potentials. 
Fig 4.19: Electrophysiological evidence for a chemical synapse between two morphologically 
connected neurons (DIV 5) recorded simultaneously in current-clamp mode. Neuron 1 (left traces; 
Vrest -44mV) was stimulated and the response of neuron 2 (right traces; Vrest -54mV) was examined 
(A). Stimulation in this direction did not affect the second neuron. Whereas stimulating the
neurons in the opposite direction evoked postsynaptic potentials correlated to presynaptic APs (B).
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Since insects exhibit many neurons not capable to generate APs (~35% in vivo; 
nonspiker) signal transmission is not inevitably dependent on presynaptic APs. Even 
graduated potentials lead to neurotransmitter release if the threshold to open Ca2+ 
channels at the synapse is reached. 
Such signal transmission by graduated potentials was also observed in cell culture. The 
current-clamp recording in Fig 4.21 shows no AP in the stimulated neurons (solid lines) 
but, nevertheless, postsynaptic potentials including summation of those occurred (dashed 
lines). The threshold for triggering synaptic events was around -35mV (Fig 4.22). Further 
presynaptic depolarisation increased the amplitude of postsynaptic potentials only in a 
small range before saturation took place.  
  
Fig 4.20: Sectional enlargement of recordings in Fig 4.19. Responses of both cells are superposed.
Stimulation of presynaptic neuron (solid line) with a 200pA depolarising current led to three APs
in this cell and correlated postsynaptic potentials (dashed line) in the second neuron. If presynaptic
APs occurred consecutively the evoked postsynaptic potentials accumulated resulting in a
depolarisation of higher amplitude. 
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Fig 4.21: Signal transmission between two nonspiking neurons. Depolarising current injections led
to graduated potentials in the presynaptic neuron (Vrest -38mV; DIV 6; solid lines). These triggered 
postsynaptic potentials (Vrest -54mV; dashed lines). 
Fig 4.22: Determination of synaptic trigger threshold. The maximal amplitude of postsynaptic
potentials was registered in dependency on the associated maximal presynaptic membrane 
potential. Depolarisation below a certain value did not affect the postsynaptic neuron. Passing a
threshold of ~-35mV led to postsynaptic potentials in a range of 2mV up to 20mV saturating at
further presynaptic depolarisation to more than 0mV. 
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4.3.1.1 Pharmacological determination of neurotransmitter receptors 
Glutamate and GABA are very common neurotransmitters in the thoracic ganglia. Their 
receptors can be inhibited either by picrotoxin (GABA antagonist) or by CNQX and 
AP-5 (non-NMDA and NMDA competitors).  
  
Glutamate 
In order to characterise the effect of glutamate on neurons, NSS solution containing 
different concentrations of glutamate was flushed for 30s over the cells and Vmem was 
monitored. No current was applied. Fig 4.23 shows the versatile responses to application 
of 100µM glutamate. In 20 experiments 11 neurons responded with a transient 
depolarisation (Fig 4.23 A), one with a biphasic response with a transient 
hyperpolarisation and a sustained depolarization (Fig 4.23 B) and seven with a 
hyperpolarisation with a short negative peak and a sustained hyperpolarisation 
(Fig 4.23 C). Also, only transient hyperpolarisations were recorded (Fig 4.25). Fig 
4.23 D shows a recording from a spontaneous active neuron. In this case the application 
of 100µM glutamate led to an increased AP frequency indicating a depolarising response 
similar to an excitatory presynaptic input. 
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Fig 4.23: Responses of neurons to 100µM glutamate. Versatile responses were observed: a
transient depolarisation (A), a biphasic response with a transient hyperpolarisation followed by a
sustained depolarisation (B) or only a long-lasting hyperpolarisation (C). Even the AP frequency 
of spontaneous active neurons was increased (D). 
D 
C 
B 
A 
Results: Electrophysiology   
 78 
The response of neurons to glutamate was tested in concentrations of 1µM to 1mM 
(Fig 4.24). The maximal response amplitudes, in case of a biphasic response the 
hyperpolarisation, were averaged and data normalised to the values of the response to 
200µM glutamate (n = 6 at 10 – 200µM; n = 2 at 1mM). The maximal response was 
reached at a glutamate concentration around 100µM. This concentration was chosen for 
further experiments.  
To characterise the mechanism of glutamate response the effects of AP-5 as blocker of 
NMDA receptors and of CNQX as blocker of non-NMDA receptors were investigated. 
Starting with NSS the neurons were superfused for 30 sec with the antagonists in 
different concentrations before 100µM glutamate was applied for 30 sec in presence of 
the antagonist.  
Fig 4.25 shows original recordings of such experiments. Application of 100µM 
glutamate led to prominent transient hyperpolarisations, which were prevented by 
presence of 5µM CNQX (Fig 4.25 A) and 100µM AP-5 (Fig 4.25 B). 
Fig 4.24: Dose / response relation to glutamate. Averaged data were normalised to the response
amplitude of 200µM glutamate (n = 6; n = 2 at 1mM).  
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Fig 4.26 summarises the results of these experiments. The responses to glutamate before 
superfusion with blockers were averaged and set to 100%. The responses in presence of 
antagonists were referred to this value. 
A CNQX concentration of 0.5µM had no effect on the response to glutamate, while 5µM 
and 10µM CNQX (only used in a subset of experiments) induced ~50% inhibition. 
Further increase of blocking agents to 50µM led to depolarization of the neuron 
illustrated in Fig 4.26 A.  
100µM AP-5 reduced the glutamate response to ~15%, while 1µM and 10µM induced 
~50% inhibition (Fig 4.26 B). AP5 itself led in a few experiments to depolarizing 
neuronal responses, which had an amplitude of ~40% compared to glutamate response. 
CNQX was used in a concentration of 10µM and AP-5 in a concentration of 100µM in 
following experiments to block synaptic transmission in neural networks. 
B 
A 
Fig 4.25: Glutamate response in presence of CNQX (A) and AP-5 (B). Superfusion with 100µM 
glutamate induced in each case a transient hyperpolarisation of 2mV amplitude. (A) Superfusion 
with CNQX led to a sustained depolarisation and blocked the glutamate response completely. (B)
Application of AP-5 did not affect the Vmem of the neuron but it blocked the hyperpolarisation to 
glutamate. Instead a small increasing depolarisation was observed during combined application of
AP-5 and glutamate.  
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Fig 4.26: Dose / response relation of glutamate receptor antagonists. (A) The non-NMDA 
antagonist CNQX reduced the neuronal response to glutamate at concentrations of 5µM to ~50%.
A concentration of 50µM or higher led to depolarisation of neurons (n = 7). (B) AP-5 blocked 
NMDA-receptors. The neuronal response was reduced in presence of 1µM and 10µM to 50% and
nearly blocked by 100µM AP-5 (n = 6).  
 
B 
A 
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Since glutamate led to versatile neuronal responses (Fig 4.23 & Fig 4.25) the membrane 
receptors presumably gated channels with different ion selectivity. On the one hand 
glutamate is in vivo excitatory and induces by depolarisation of postsynaptic neurons 
indicating opening of cation-selective channels. On the other hand it activates 
Cl--conductance resulting in an inhibition of postsynaptic neurons (Burrows, 1996). As 
the gradients for each ion sort across the membrane are different the reversal potential 
can be used as indicator for the selectivity of ion channels. 
Reversal potentials of glutamate-triggered currents were determined as described in 
chapter 3.2.1.5 based on voltage-clamp measurements shown exemplarily in Fig 4.27. At 
a Vmem of -100mV glutamate induced a transient negative current followed by a low 
sustained negative current. The maximal amplitude decreased at more positive Vmem. 
Around +20mV it nearly vanished. 
Comparing current / voltage relations of two exemplary neurons, which showed negative 
currents to glutamate application, different reversal potentials were found. The response 
to glutamate reversed from negative currents to positive currents at +25mV (Fig 4.28 A) 
and +55mV (Fig 4.28 B). Such positive values indicate a conductance mainly for Na+ 
ions (ENa = +180.8mV). 
Unfortunately, these data can not be related directly to the different responses in current-
clamp mode (Fig 4.23 & 4.25) but the variety in reversal potential is a further hint for 
channels with different ion selectivities triggered by glutamate. 
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Fig 4.27: Effect of 100µM glutamate at different Vmem (DIV 5; Vrest -46mV). Arrows 
indicate stimulus on- and offset. Glutamate induced transient negative currents followed by 
low sustained negative currents. They were largest at Vmem = -100mV and got smaller at 
more positive Vmem. At Vmem = -30mV switching to superfusion with NSS led to a negative
current which increased with more positive Vmem. 
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GABA 
In order to determine effective concentrations of the neurotransmitter GABA and 
picrotoxin as its competitive antagonist experiments were performed in the same way as 
done for glutamate and corresponding antagonists. 
Recordings revealed always hyperpolarisations with two components: a fast 
hyperpolarisation with a slow decay and a sustaining part (Fig 4.29 A). Increasing 
GABA concentration led to higher amplitudes, a faster rise and a faster decay. The 
impact of GABA on bursting neurons was similar to inhibitoric input. Superfusion led to 
a decrease in spike frequency till a complete extinction (Fig 4.29 B).  
GABA was tested in a concentration range of 1µM to 1mM. Fig 4.30 shows the dose / 
reponse curve for GABA. Even low concentrations evoked a hyperpolarising response 
which amplitude was saturated at a concentration of 50µM. 
GABA responses were blocked by picrotoxin (Fig 4.31 & 4.32). A concentration of 
100nM (used in following experiments) turned out to be most effective. Further increase 
of concentration led in a few experiments to unwanted depolarising effects. 
  
Fig 4.28: Current / voltage relations for 100µM glutamate. The extrapolated data of the first
neuron intersect the x-axis at +25mV (A) compared to +55mV (B) for the second neuron 
indicating different ionic conductances triggered by glutamate. 
B A 
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Fig 4.30: Dose / response relation of GABA. The response amplitudes to 1mM GABA were
averaged and set as 100%. Even a 10µM GABA elicited a hyperpolarisation. Further rising of 
concentration increased the response amplitude saturating at 50µM (n = 8).  
 
Fig 4.29: Effect of 100µM GABA on Vmem and AP-frequency. A: GABA induced a 
hyperpolarisation consisting of two parts: a transient component with a fast onset and a slow decay
followed by a long-lasting constant hyperpolarisation. B: GABA prevented AP-generation after a 
latency of ~1.2ms. After exchanging GABA by NSS spontaneous APs recurred.  
B 
A 
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Stimulation of neurons with GABA revealed always very similar hyperpolarising 
responses, which indicates gating of channels with a similar ionic conductance.  
Fig 4.33 shows typical GABA induced currents at different Vmem. A large slowly 
decaying negative current fading in a sustained negative current was triggered. 
Depending on Vmem the current diminished and reversed at values more positive than 
0mV. At +40mV the resulting current was positive.  
Based on such measurements the reversal potential was determined to a value of around 
+5mV (Fig 4.34; n = 4), which corresponds to the calculated Nernst potential of Cl- 
(0.07mV).  
Fig 4.32: Dose / response relation of the GABA receptor antagonist picrotoxin. It blocked the 
neuronal response to GABA at a concentration of 100nM (n = 10).  
Fig 4.31: Effect of 100nM PTX on GABA responses. Application of PTX alone did not affect the
neuron but it blocked the GABA induced hyperpolarisation.  
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Fig 4.33: 100µM GABA induced currents at different Vmem during (DIV 5; Vrest –35mV). Flushing 
the neuron with GABA (begin and end indicated by arrows) resulted in a long lasting negative 
current, which slowly decayed, followed by a sustained negative current. The amplitudes was 
largest at Vmem -90mV, got smaller at more positive Vmem till it reversed at Vmem more positive than 
0mV and was positive at Vmem +40mV. 
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4.3.1.2 Pharmacology of neurotransmitter release 
In order to identify neurotransmitters involved in signal transmission the GABA 
antagonist PTX and a mixture of the glutamate antagonists CNQX and AP-5 were 
applied during simultaneous recordings of two synaptically connected neurons in nine 
experiments. 
The presynaptic neurons were stimulated either in current-clamp or in voltage-clamp 
mode. The postsynaptic responses were monitored in voltage-clamp mode during 
superfusion with NSS. If correlated postsynaptic currents (PSCs) were observed, the 
neurotransmitter antagonists were flushed over the neurons in successively. Between the 
antagonists cells were superfused with NSS to remove blocking agents from the 
receptors. Afterwards GABA and glutamate were applied. 
Fig 4.35 shows the postsynaptic response of a neuron to stimulation of the presynaptic 
neuron. During superfusion with NSS stimulation of the presynaptic neuron led to a 
negative PSC. Flushing with PTX blocked the postsynaptic signal almost completely, 
which was partially reversible. The graph in Fig 4.36 summarises PSCs induced in ten 
presynaptic stimulations. The PTX block of the PSCs was nearly 100% and highly 
significant (p = 3E-12). The signal recurred after washing with NSS to ~60% of the 
original amplitude. Stimulating the neuron with GABA resulted also in a negative 
current. 
Fig 4.34: Current / voltage relation of neuronal responses to 100µM GABA (n = 4). The reversal
potential was estimated to +5mV, which is near to the calculated reversal potential of Cl-. 
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Fig 4.35: Effect of PTX on PSCs induced by stimulation of the presynaptic neuron (presynaptic
Vrest -49mV; postsynaptic Vrest -39mV; DIV7). Stimulation of the presynaptic neuron induced a
negative PSC. During superfusion with PTX this current was nearly completely prevented. After 
washing with NSS the current returned with lower amplitude. 
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The synaptic transmission (amount and amplitude of PSCs) was blocked by PTX in eight 
experiments. In these experiments, neurons were also sensitive to stimulation with 
GABA. In three experiments neurons were sensitive to GABA and glutamate. Flushing 
with AP-5 / CNQX led to variable responses: either to an increase of the number of PSCs 
or of their amplitude or to a slight reduction of their amplitude. Complete inhibition of 
synaptic transmission by AP-5 / CNQX were not observed. In one experiment the neuron 
was neither sensitive to GABA nor glutamate. Here, tested neurotransmitter antagonist 
did not affect the synaptic transmission. 
 
 
Fig 4.36: Effect of 100µM PTX on PSCs induced by stimulation of the presynaptic neuron. The
data of ten traces were averaged and each trace was normalised to the mean value at the beginning. 
PSCs were nearly completely reduced during superfusion with PTX (p = 3E-12). Removing this 
blocking agent reversed the effect, but the current amplitudes were still significant lower than the
original signal (p = 7E-6). 
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4.3.1.3 Spontaneous postsynaptic currents 
Of neurons grown in clusters often postsynaptic events were recorded independent on 
stimulation of a presynaptic cell. This indicates spontaneous activity in cultured neuronal 
networks (n = 19).  
An example of such spontaneous synaptic activity is shown in Fig 4.37. During voltage-
clamp recording without stimulation inward currents were observed. These events 
differed in their kinetics indicating at least two presynaptic inputs and were distinguished 
by their duration: some currents were transient (fast postsynaptic currents) whereas 
others were prolonged (slow postsynaptic currents). Both also occurred in parallel.  
In order to test if different ionic conductances were involved, the reversal potentials of 
fast and slow postsynaptic currents (PSCs) were determined. Both reversed between 
Vmem = -30mV and +10mV. Interpolating the data revealed a reversal potential of 0mV 
for slow PSCs and -15mV for fast PSCs (Fig 4.38). This also indicates two different 
neuronal inputs, which might use the two neurotransmitters GABA or glutamate 
triggering Cl- conductance (calculated ECl=0.7mV) or mixed cation conductances 
(calculated EK = -200.7mV, ENa = 180.8mV, mixed EK;Na[1:1] = -19.6mV). If this neuron 
was flushed with glutamate and GABA it showed indeed either a transient response to 
glutamate or a long lasting one to GABA.  
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Fig 4.37: Spontaneous postsynaptic activity at different Vmem (DIV 5; Vrest –35mV). Slow and fast 
PSCs were observed. The amplitudes were largest at Vmem = –70mV and got smaller at more 
positive Vmem. Between –30mV and +10mV the currents reversed. 
fast PSC slow PSC 
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4.3.2 Electrical synapses 
In four experiments electrical synapses were found. They were distinguished from 
chemical synapses by three criteria: no synaptic delay, bidirectionality and transmission 
of hyperpolarising signals. The first two criteria were necessary but not sufficient since 
the determination of synaptic delay is more or less subjective and bidirectionality can 
also be achieved by recurrent networks with chemical synapses. The third criterion is 
characteristic for gap junctions.  
Fig 4.39 shows simultaneous patch-clamp recordings of two neurons connected by an 
electrical synapse in current-clamp mode. Current pulses between –200pA and 1nA were 
applied. Dependent on the stimulus amplitude, the stimulated cell reacted with graduated 
voltage changes of different amplitude. The other cell reacted likewise with no time 
delay. Even hyperpolarising stimuli led to postsynaptic hyperpolarisations. If the other 
cell was stimulated, the first one reacted as described before evidencing bidirectional 
signal transmission. 
In three experiments neurons in the networks were nonspiker with at least a non-
overshooting peak and in one case the presynaptic neuron was able to generate an AP.  
Nevertheless the presynaptic signal form was not achieved. Additional to the reduced 
height due to the junction resistance the amplitude of the postsynaptic depolarisation 
remained static if a certain presynaptic potential was reached. 
Fig 4.38: Determination of the reversal potentials of slow and fast PSCs. Slow PSCs reversed at 
0mV (A), while fast PSCs reversed  –15mV (B). 
 
B A 
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Fig 4.39: Whole-cell current clamp recording of an electrical synapse between nonspiking neurons
(DIV9). The left traces represent one cell (Vrest -57mV) and the right traces the second cell (Vrest
-49mV). Stimulation of each of the neurons led to postsynaptic potentials in the other cell even to 
hyperpolarising currents with no time delay. At higher presynaptic potentials the postsynaptic cells
showed voltage-dependent rectifying behaviour. 
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This voltage-dependent rectifying effect is illustrated in Fig 4.40. The conductance of the 
gap junctions was calculated from the current / voltage relations monitored in voltage-
clamp mode according to equation 4.3 (Barrio et al., 1991).  
 
    
J
J
J V
Ig =     Eq 4.3 
 
gJ = junctional conductance, 
IJ = injected current necessary to counterbalance postsynaptic voltage changes, 
VJ = transjunctional voltage difference. 
 
IJ was not measured directly. It is equal in magnitude and opposite in sign to the induced 
postsynaptic current. The junctional conductance gJ was normalised to the extrapolated 
value at which the transjunctional voltage difference (VJ) was zero. Since both neurons 
were clamped to a Vmem of –70mV VJ was zero at this potential.  
Negative transjunctional voltages did not affect GJ (normalized gj) whereas to voltage 
steps more positive than 20mV (equivalent to a presynaptic Vmem = -50mV) the 
conductance of the gap junction decreased until GJ ~0.3 (VJ = 220mV).  
All recorded neuronal networks with electrical synapses behaved similar. 
 Fig 4.40: Diagram of the normalised transjunctional conductance GJ. It is calculated according to 
Barrio et al. (1991) as described above. 
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4.4 Extracellular recordings of neurons by microelectronic 
devices 
The study of synaptogenesis and signal processing in cultured neuronal networks with 
common electrophysiological recording methods like patch-clamp or sharp-electrode 
recordings is limited to a small number of recording sites and to relative short recording 
periods. Microelectronic devices like FETs or MEAs offer the possibility for non-
invasive, long-term recordings with multiple recording sides.  
In order to establish and characterise such a bio-electronic interface neurons were 
cultured on either FET arrays or MEAs. 
  
4.4.1 Interfacing neurons with field-effect transistors 
In most of the coupling experiments, FET recordings had signal-to-noise (S/N) levels 
smaller than one. Therefore, the recorded signals had to be averaged over several traces 
using the TIDA software. In a few cases the signals were strong enough to overcome the 
noise level. Such unaveraged traces are shown in Fig 4.41. By stimulation with 1nA in 
current-clamp mode, the neuron generated two APs, which were in parallel recorded by 
the FET (left traces). The general sustained depolarisation, seen in the patch-clamp 
signal, was not registered by the FET, even if 30 traces were averaged. The amplitude of 
the averaged FET signal is reduced after the first event, because the onset of contributing 
APs or currents shifted slightly between traces. Similar to the current-clamp mode, in 
voltage-clamp mode only fast ionic currents triggered by depolarisation were observed in 
the extracellular recordings (right traces). The persistent positive currents could hardly be 
distinguished from noise. 
The recorded extracellular signal shapes caused by APs in current-clamp mode and ionic 
currents in voltage-clamp mode were similar (Fig 4.42): a biphasic signal with negative 
transient followed by a weaker positive peak. The time courses of the extracellular 
signals differed from the patch-clamp recordings. The FET response to an AP is 
dominated by a negative peak during the rising phase of an AP. In the falling phase of the 
AP a weaker positive peak was recorded. Comparing the FET signal to the time course of 
ionic currents in voltage-clamp mode, revealed a similar time shift of the FET signal 
peaks and the peaks in the patch-clamp signal. The FET registered a fast negative signal 
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during the inward current. The extracellular signal reversed and reached a positive peak 
parallel to the upstroke of the patch-clamp signal. 
The extracellular signal shape recorded from the locust neuron was similar to the C-type 
response described by Schätzthauer and Fromherz (1998). In a C-type response, the FET 
signal is dominated by a high Na+ and K+ conductance in the junction membrane 
compared to the capacitive current over the attached membrane.  
The fact that in both measurement modes the signal shapes were similar clearly supports 
the classification of a C-type coupling, where the extracellular signal shape is clearly 
dominated by the ionic currents in the cleft (right side of eq 3.6). 
 
Fig 4.41: Whole-cell patch-clamp recordings in current-clamp mode (left traces) and voltage-
clamp mode (right traces) and simultaneous FET recordings of a neuron (Vrest –58mV; DIV 3). 
Evoked APs were recorded by the FET as a transient negative voltage followed by a transient
positive peak. In voltage-clamp mode recorded inward currents followed by sustained outward
currents led to a FET signal with a negative component also followed by a transient positive
component. Sustained patch-clamp signals did not contribute to the extracellular signal.  
                                                                                                    Results: Electrophysiology 
 97
 
 
 
4.4.1.1 Simulation of the field-effect transistor signal 
For a detailed investigation of the FET signal shape, a recording during parallel patch-
clamp stimulation (voltage-clamp mode) was simulated by the point-contact model (see 
chapter 3.2.2.5). The simulated signal was fitted to the recorded signal by changing the 
value of the junction resistor (Rj) such that the amplitude of the first capacitive peaks 
matched. 
Simulating the signal at Rj = 80KΩ (Fig 4.43, dashed line) revealed capacitive peaks of 
same size as the recorded signal (solid line). However, the signal amplitude for the Na+ 
and K+ currents was still too low (negative peak: simulation = ~-65µV vs. FET = 
~170µV). Additionally the kinetic of the simulation was only roughly similar to the 
recorded signal. Multiplication of neuronal inward and outward currents by the factor 2.6 
led to a signal of same amplitude compared to the FET signal. This scaling of the 
currents was described before (Schätzthauer and Fromherz, 1998; Sprössler et al., 1999; 
A B 
Fig 4.42: Comparison of recordings of neuronal signal by the FET and patch-clamp method: action 
potentials in current-clamp mode (left traces) and ionic currents in voltage-clamp mode (right 
traces) of a neuron (Vrest –58mV; DIV 3; data not averaged). (A) During the rising phase of an AP
a negative transient was recorded by the FET followed by a positive peak of smaller amplitude 
during the falling phase of the AP. (B) A similar extracellular signal shape was observed to ionic
currents in voltage-clamp mode: a negative peak during influx of sodium ions and a positive peak
during outward directed potassium currents. 
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Ingebrandt et al., 2005). However, the kinetics of the simulated signal remained slower 
compared to real recordings. This might be due to such high currents in the cleft, that the 
simple simulation via the point-contact model was not exact enough to obtain the right 
signal shape. To clarify this discrepancy, a more detailed study of the coupling would be 
necessary in future projects.  
 
4.4.2 Interfacing neurons with metal microelectrodes  
Coupling measurements were also done using the MEA system (Fig 4.44). In a voltage-
clamp recording of a nonspiking neuron, a voltage-step of 70mV led to a transient 
outward current followed by a sustained outward current. The MEA recorded, next to the 
capacitive peaks, a transient positive peak simultaneous to the current peak. After this the 
extracellular signal decayed, while the outward current was maintained. Shutting off the 
stimulus, the ME signal had a transient negative peak and returned slowly to the basic 
value. 
Fig 4.43: Relation of field-effect transistor signal (solid line; 100x averaged) and simulated signal
(by the point-contact model: dashed line calculated with normal INa+ & IK+ amplitude; dotted line 
INa+ & IK+ multiplied by 2.6) of a neuron (Vrest -54mV; DIV 4) during stimulation in voltage-clamp 
mode. Fitting the capacitive peak by a junction resistor of 80KΩ led to a simulated signal with a
lower amplitude (~65µV) compared to the FET signal (170µV). Multiplication of the ionic
currents by 2.6 led to a signal with similar amplitude than the recorded FET signal. However,
differences in kinetics and a small positive time shift remained while fitting with the simplified
model. 
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Fig 4.44: Whole-cell recording in voltage-clamp mode and simultaneous gold electrode recording 
of a nonspiking neuron (Vrest –37mV; DIV 1; 100x averaged). A transient outward current
followed by a sustained one was recorded as transient positive peak. The signal decayed in
between ~30ms to the original value. Shutting off the stimulus led to a negative signal from the
ME, which returned back to basic value in between ~30ms. 
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4.4.2.1 Simulation of the metal microelectrode signal 
The recorded signals using the MEA system were simulated by the point-contact model, 
too. The first capacitive peak can be fitted by a junction resistance of 65KΩ. The 
simulation resulted in a signal with a positive peak having an amplitude similar to the 
recorded signal. Following, a sustained, slowly decaying positive potential was 
simulated. After shutting of the voltage pulse, the signal returned to the starting value 
(Fig 4.45). The simulated traces contained no negative potential.  
At this point, the simulation of the signal failed for two reasons: First, the equivalent 
circuit was too simple. Second, the rapid decay and the negative part in the ME signal 
was not simulated by the point-contact model, because of an additional high pass 
component in the MEA amplifier system, which was not implemented in the simulation. 
 
Fig 4.45: Comparison of ME (solid line; 100x averaged) and simulated signal (dashed line) of a
neuron (Vrest -37mV; DIV 1) during stimulation in voltage-clamp mode. (A) Fitting the capacitive 
peak by a junction resistor of 65KΩ led to a simulated signal with a similar amplitude but slower
kinetics compared to the MEA signal. Due to an additional high pass filter the ME signal was 
drawn back to the original value. Additionally, this high pass filter caused the negative part of the
signal, when shutting off the stimulus.  
(B) Detailed view on the first capacitive and positive peak. 
A B
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4.4.3 Effects of cell-sensor position on the extracellular recordings 
The quality (amplitude and signal-to-noise ratio) of an extracellular recording using 
FETs or MEAs depends on the seal of a neuron to the recording side. Spacing between 
the neuron and the recording side (the height of the cleft) as well as covering of the 
contact area contribute to this seal.  
The influences can be seen in Fig 4.46 & Fig 4.47. During a coupling experiment the 
position and probably the distance of the neuron to the FET gate were manipulated by 
moving the neuron using the patch-clamp pipette. To compare the FET recordings, Vj 
were referred to their associated ionic currents Imem to compensate variances of Vj due to 
small variations of Imem (2.5 ± 0.02mV before manipulation vs. 2.1 ± 0.01mV in the last 
subset of experiments). The manipulation is indicated by the scheme in Fig 4.46. If 
downward directed force was applied to the neuron, assuming the reduction of spacing 
between neuron and FET, the FET signal amplitude increased significantly (pressed 
down I: p = 0.002; pressed down II: p = 0.0003). However, if the neuron was positioned 
centric on top of the gate and now covering the whole gate area (before: ~30%) the value 
was doubled (p = 5E-11). The recorded signal shapes throughout the whole manipulation 
sequence were not influenced and remained C-type. 
Fig 4.46: Relation of FET signal to the distance and position of a neuron to the gate. The signal
amplitudes were referred to the contributing ionic currents to aid better comparison. Downward
directed force applied by the patch pipette is assumed to reduce the height of the cleft between
neuron and gate. By this the FET signal was slightly increased (p = 0.002 & 0.0003). Bringing the
neuron centric to the gate, covering the whole gate, increased the S / N ratio by 100% (p = 5E-11).
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Fig 4.47: Voltage-clamp (left traces) & FET recordings (right traces) of a neuron during a voltage
clamp recording at different manipulation states (Vrest –58mV; DIV3; data not averaged). 
Lowering the distance between neuron and gate increased the FET signal only slightly. Positioning
of the neuron centric on the FET gate doubled the signal amplitude. The signal shape resembled 
the C-type in all cases.  
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Chapter 5 – Discussion 
 
With this thesis a basis for the construction of defined neuronal networks on extracellular 
recording devices is provided. First, a primary neuronal cell culture of Locusta 
migratoria was established. Culture parameters were optimised by testing different 
surface modifications and medium supplements. The neurons were evaluated 
morphologically, immunocytologically and also by their electrophysiological properties. 
To be able to deduce possible changes in neuronal electrophysiology due to culture 
conditions defined neurons were identified in situ, cultured and characterised by patch-
clamp technique.  
In a second step signal transmission in morphologically connected neurons was 
examined by simultaneous patch-clamp experiments proving chemical and electrical 
synapses. Involved neurotransmitter types were identified by pharmacological 
experiments using their specific antagonists. 
For the network formation on recording sites of microchips, topographical and chemical 
guiding strategies were tested. Chemical guiding by micro-contact printing turned out to 
be the most promising method for network formation.  
For the first time extracellular signals of insects neurons were recorded by field-effect 
transistors and metal microelectrodes.  
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5.1 Cell culture 
In this thesis a protocol for culturing insect thoracic neurons was established. Neurons 
were cultured for up to four weeks. They regenerated neurites and showed a great 
diversity in morphology characterised by unipolar, bipolar and multipolar growth. Also 
cell bodies of different diameters (10 to 120µm) were found, indicating a homogeneous 
culture of all neurons, which are located within the meso- and metathoracic ganglia. 
These results are comparable to other cell cultures protocols published for different insect 
species (Kirchhof & Bicker, 1992; Lapied et al., 1993; Smith & Howes, 1996).  
Enzyme treatment to support cell isolation turned out to be critical for viability and 
outgrowth of neurons in culture. In contrast to other published protocols (Kirchhof & 
Bicker, 1992; Smith & Howes, 1996; Kloppenburg & Hörner, 1998), collagenase / 
dispase treatment at 29°C resulted often in damaged neurons. However, comparison of 
these protocols is difficult, because they were optimised for crickets (Kloppenburg & 
Hörner, 1998) or cockroaches (Lapied et al., 1993; Smith & Howes, 1996). Kirchhof & 
Bicker (1992) treated ganglia of adult locusts with a mixture of collagenase / dispase for 
2h and demonstrated growth and viability of these neurons. But they used another 
commercially available solution with unknown activity. Also, the temperature, at which 
they incubated the ganglia with the enzymes, was not published. The enzyme kinetic 
depends strongly on the temperature (Atkins, 1992; p 271 f). Incubation at 29°C, used in 
this thesis, will be more effective than incubation at room temperature. However, enzyme 
treatment with 2mg/ml dispase for 30 min at 29°C revealed constant and reliable results, 
presumably due to the weak proteolytic action of dispase. 
Only Leibovitz L-15 medium, which was modified according to M. Knierim-Grenzebach 
(Group of Prof. Dr. Schürmann, University of Göttingen, personal communication) 
supported growth of neurons. Different other, commercially available media were tested, 
but none of them were sufficient to promote regeneration of neurites, even if growth of 
locust neurons in such a medium was demonstrated before (Rössler & Bickmeyer, 1993). 
The unsuitability of other tested media might be due to inappropriate nutrient 
composition for locust’s adult neurons. Presumably the modified L-15 medium was best 
for growth, since the osmolarity and pH were adapted to physiological conditions 
according to (Clements & May, 1974).  
Neurons showed a great variety in morphology with uni-, bi- and multipolar shape 
(Fig 4.1). The preparation should include all neurons of the meso- and metathoracic 
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ganglia. It is possible but not likely that the different morphologies found in vitro 
represent different in vivo morphologies. Newland et al. (1993) showed in vitro that 
DUM neurons, known to shape unipolar and bifurcating neurites in vivo, can display 
numerous morphologies including the in vivo pattern. A high amount of unipolar neurons 
was expected, since neurons like motoneurons, intersegmental interneurons, sensory and 
neurosecretory neurons show unipolar growth in vivo. In previous studies on the 
regeneration of injured cockroach giant interneurons, neurite outgrowth was depending 
on the microenvironment of the ganglia (Spira et al., 1987). Further in vivo studies 
identified neurite guiding molecules secreted presumably by glial cells like semaphorins 
(Wong et al., 1997; Bonner & O'Connor, 2000) and tenascin (Krull et al., 1994a), which 
act on axonal pathfinding via a repulsive effect forcing axons to grow on defined paths 
(Oland & Tolbert, 1996; Isbister et al., 1999; Isbister et al., 2003; Oland & Tolbert, 
2003). The absence of guiding factors like tenascin or semaphorins in the presented 
culture is obvious. Even if glial cells are present, their number should be too low to 
influence neurite outgrowth on more than local spots.  
Therefore, it could be supposed that in cell culture neuronal growth can also be 
influenced by such factors. This hypothesis is strongly supported by an in vitro approach 
(Krull et al., 1994b), who guided cultured neurons on conA / laminin stripes by a 
repulsive background of tenascin molecules.  
Soma sizes of cultured locust neurons varied between 10µm and 120µm. These sizes 
represent their in vivo size not absolutely corresponding to the study of Lapied et al. 
(1993). They compared the soma size of cockroach DUM neurons in situ prior to culture 
and in vitro and observed an increase of soma diameter in a range of a few µm due to 
flatten by attachment to the surface.  
Adjacent neurons often formed morphologically connected networks (Fig 4.3). The 
occurrence was randomly. Neurons tended more often to build networks with adjacent 
neurons, but also neurons with a large gap (>200µm) between each other formed 
networks. They also grew in large clusters (Fig 4.3 A). Such morphological networks 
were described by Shefi et al., (2002b) for locusts as well as for Drosophila 
melanogaster (Küppers-Munther et al., 2004), but they were never investigated by patch-
clamp recordings of more than one neuron in parallel. 
The amount of attached and viable neurons decreased over time. Also retraction and 
degeneration of neurites were observed (Fig. 4.4 & 4.5). Several parameters are possibly 
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responsible. First, toxic metabolic products can be enriched in the medium. For example 
glutamate can overexcite neurons and cause degeneration (Gorovits et al., 1997). Also 
sufficient supply with nutrients can not be guaranteed, even if half of the medium was 
substituted by fresh medium every third day. However, the complete compensation of the 
in vivo supply provided by e.g. glial cells could not be expected. In vertebrates, glial cells 
prolonged survival periods of cultured striatal neurons (Sebben et al., 1990). In this work 
similar effects were observed. Neurons growing in dense clusters, presumably proximate 
to glial cells, survived longer than single isolated neurons. An additional factor for 
neurite degeneration might be the lack of cell-cell interaction e.g. ongoing synaptical 
input (Jackson et al., 1982; Alberts et al., 2004).  
 
5.1.1 Pretreatment of substrates 
Glass cover slips were coated with different proteins (PDL, laminin & conA) and their 
effect on survival rate and neurite regeneration was tested. Previous studies showed 
inconsistent results concerning the attachment and growth depending on different coating 
materials (Hayashi & Hildebrand, 1990; Lapied et al., 1993; Kloppenburg & Hörner, 
1998). Growth of locust neurons was shown on uncoated or haemolymph treated culture 
dishes (Kirchhof & Bicker, 1992) and conA (Shefi et al., 2002a).  
In this work neuronal attachment and survival rate was independent of coating proteins, 
even if conA seemed to improve survival slightly and enhanced neurite regeneration 
significantly. This phenomenon might be explained by specific interaction of conA with 
proteoglycans of the cellular membrane inducing signal cascades mediating neurite 
regeneration (for a review: Kleene & Schachner, 2004). However, it is unknown, if there 
are specific interactions between the tested coating proteins and insect cellular 
membrane. Presumably, electrostatic interactions between the proteins of the cellular 
membrane and the surfaces occurred since neurons attached and grew in similar way on 
uncoated glass surfaces. The pretreatment of glass surfaces with H2SO4 provides 
hydroxyl groups, which might interact with the positive charged amino groups of 
membrane proteins. 
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5.1.2 Supplements 
Based on growth promoting and differentiating effects of haemolymph factors (Kirchhof 
& Bicker, 1992) and FCS (Hayashi & Hildebrand, 1990), FCS was tested in different 
concentrations. Since no effect on neurite outgrowth was observed and the exact protein 
composition of FCS, including possible effects on ion channels and neurotransmitter 
receptors, is unknown, medium maintained serum free in further experiments.  
In addition, the effects of insulin, 20-HE and NGF on neuronal survival and outgrowth 
were tested. An insulin-related molecule could be identified in the nervous system of L. 
migratoria (Hetru et al., 1991). It was shown to increase neurite outgrowth in 
organotypic cultures of embryonic locusts (Vanhems et al., 1990). 20-HE plays an 
essential role in insect ecdysis (Truman, 1983) and was shown to promote positive 
effects on neurite outgrowth in cell culture (Vanhems et al., 1990; Kraft et al., 1998). 
Pfahlert & Lakes-Harlan (1997) applied different neurotrophic factors to distinct 
populations of locust neurons and demonstrated a selective response of motoneurons to 
NGF. 
In the presented work insulin increased the number of neurons, which regenerated 
neurites. 20-HE enhanced neurite outgrowth slightly. The combination of insulin and 20-
HE further increased this effect. Neurotrophic factors were applied in concentrations 
corresponding to those described in literature. It can nor be excluded that higher or lower 
concentrations might change the observed effects. For example, 20-HE increased neurite 
outgrowth in crickets only in a fourfold higher concentration than used in this thesis 
(P.Schulte, personal communication). Pfahlert & Lakes-Harlan (1997) showed different 
impact of NGF depending on defined neuronal populations. It enhanced outgrowth of 
neurites in motoneurons but not of interneurons. In this thesis cells of all neuronal 
populations were isolated. Most of the isolated neurons were presumably interneurons. 
So, a possible positive effect on the motoneurons might be statistically covered. If a 
network of identified motoneurons should be established in future, impact of NGF should 
be revised once more in these cultures.  
The results of 20-HE, insulin and their combination correspond to findings of Vanhems 
et al. (1990). Insulin is known to protect neurons from AMPA-induced excitotoxicity 
(Kim & Han, 2005). In the present work the effect of insulin on survival rate was very 
weak, while the effect on neuronal growth was stronger and accumulated with the 
positive effect of 20-HE. The underlying mechanism remains unclear. In contrast to 
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expectations 20-HE enhanced neurite outgrowth only slightly. Next to an inadequate 
concentration it is possible, that neuronal growth during development and regeneration of 
axotomised neurons underlie different molecular mechanisms. Additive effects of insulin 
and 20-HE could be caused by simultaneous activation of different signal transduction 
cascades triggering regenerative effects promoting neurite outgrowth. 
 
 
5.2 Electrophysiology 
Cultured neurons were electrophysiologically characterised by whole-cell patch-clamp 
recordings. Experiments revealed a Vrest range of -35mV to -72mV. The averaged Vrest of 
all neurons was -42 ± 6mV. This Vrest is in the range of in vivo recorded neurons (-40 to -
60mV; Tab 5.1). A comparison to in situ data is difficult because in situ data were 
obtained by intracellular recordings with a high K+ concentration inside of the pipette. 
However,  in vitro patch-clamp experiments showed a similar Vrest range (Tab 5.2). 
Slight deviations from previous published data of defined populations can be explained 
by the inhomogenity of neuronal culture in this work.  
In this thesis three different electrophysiological responses are shown: graduated 
potentials, single APs and series of APs (Fig 4.13). According to this responses neurons 
were classified as nonspiker (47%), spiker (35%) or burster (18%). It can be excluded 
that these recording types were based on insufficient conditions (e.g. hypoxia) proven by 
a similar averaged Vrest of nonspiker compared to spiker and burster (Tab 4.1).  
Considering the current-clamp and voltage-clamp recordings (Fig 4.13) different ionic 
currents can be identified. Two types of outward directed currents, presumably potassium 
currents IK+, were observed: a transient, fast inactivating one and a slower, non-
inactivating one. The fast inactivating current resembles a voltage-dependent “A-type” 
like K+ current (IA;K+) described for locust nonspiking neurons in culture (Laurent, 1990). 
The second outward current was also described by Laurent (1990) and proposed to be a 
delayed rectifying K+ current IK+. No inward current or only a low current at 
depolarisations to more than Vmem = 0mV was observed in case of the nonspiking 
neurons. In current clamp mode, at most a transient, voltage-dependent depolarisation 
was recorded. Since similar currents were recorded by Laurent (1990; Tab 5.1) during 
superfusion with TTX, these currents were presumably Ca2+ currents ICa2+. Therefore, 
also Ca2+ dependent K+ currents IK+(Ca2+) were possible. Damped oscillations, recorded 
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in a few experiments, could be due to interacting ICa2+, activated at a relative positive 
Vmem (ICa2+(HVA)), and IK+(Ca2+). Spiker showed a transient inward current (INa+ or 
ICa2+), activated around Vmem = -50mV. Oscillations in current-clamp mode might, 
therefore, be due to a similar interaction of ions (IK+(Ca2+) or Na+ dependent IK+(Na+)). 
The threshold for inward currents of burster was at Vmem = -60mV indicating an 
additional inward directed component like e.g. a ICa2+ activated at low voltages 
ICa2+(LVA).  
Tab 5.1: Assembly of electrophysiological properties of neuron types obtained by in vivo
recordings in different locusts. 
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In this thesis about 53% of the neurons had electrical active cell bodies and responded 
with one or more APs to a current injection. In vivo, most of insect neurons are not able 
to generate APs even at the primary neurite (~40%). Motoneurons and spiking local 
interneurons show APs at the axon (~29%). Also intersegmental interneurons generate 
APs exclusively at the primary neurite (~30%). Only a few neurons (~1%), the efferent 
unpaired median neurons, are known to have electrically active somata (Bräunig & 
Pflüger, 2001; Burrows, 1996, chapter 3). It seems not likely that all cultured spiking 
neurons belong to the group of these cells. Rather changes of electrophysiological 
properties during isolation and culture are more likely. Isolation of neurons resulted in 
axotomised neurons and their redifferentiation in vitro might imply changes of channel 
composition in the cellular membrane. Axotomy-induced changes in excitability of soma 
membrane were already demonstrated. Goodman & Heitler (1979) induced axotomy in 
vivo by cutting the hind leg. After a few days they recorded APs at the soma of the 
identified motoneuron FETi. Next to the experiments on the FETi, axotomy of the 
DUMeti changed the Na+ / Ca2+ dependent soma spikes to a soma spikes, which was 
Tab 5.2: Assembly of electrophysiological properties of different neuron types obtained from 
cultured neurons. 
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exclusively driven by Na+. A similar change in excitability was proven in cockroach 
motoneurons a few hours after isolation (Hancox & Pitman, 1992). To depolarising 
current pulses they observed first a passive response, which changed to an oscillation and 
finally to APs. These data proved a drastic impact of axotomy on the electrophysiological 
properties of particular neuronal populations.  
But why did not all isolated neurons convert to spiking neurons? Comparing studies of 
nonspiking local interneurons in vivo (Laurent, 1990) and in vitro (Laurent, 1991; 
Laurent et al., 1993) showed no evidence for a change of membrane excitability and 
channel composition (Tab 5.1 & 5.2). A rearrangement of Na+ and K+ channels either by 
a change of their expression or of their activation would be a possible explanation for the 
high amount of spiking neurons in culture. Goodman & Heitler (1979) observed soma 
APs in the FETi during blocking of K+ currents (IK+) with TEA. Thomas (1984) 
concluded from experiments on identified cockroach motoneurons that their nonspiking 
somata have in principle a channel composition, which allows AP generation. Due to 
masking of Na+ currents (INA+) by large IK+ no AP could be evoked. 
Comparing the current-density / voltage relations of the neurons recorded in this thesis, 
revealed interesting differences in the amount of outward currents between the three 
different classes (Fig 4.14). Nonspiking neurons showed the largest outward current 
density, followed by spiker and burster. The outward current density of burster was 
significant different from that of nonspiker. This finding supports the previously 
mentioned hypothesis of Thomas (1984) and Goodman & Heitler (1979). If inward 
currents are present, the excitability of the soma seems to depend on counterbalancing 
outward currents. 
Assuming this effect for all neurons, which have Na+ channels in vivo (neurons with 
either a spiking soma or axon), around 60% of the recorded neurons had to be spiker or 
burster and 40% nonspiker. In this thesis, a similar distribution was observed. 47% of the 
neurons were identified as nonspiker and 53% spiking or bursting neurons. 
Influences of substrate patterning, coating proteins (data not shown) as well as media 
supplements (data not shown) on electrophysiological characteristics were not observed. 
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5.2.1 Identified neurons 
An inhomogeneous culture allows only speculative conclusions on the changes of the 
electrophysiological properties, because the respective state of the neurons in vivo is not 
known. Therefore, electrophysiological properties of a defined population, the 
motoneurons innervating the hind leg, were analysed by a combination of patch-clamp 
technique and pharmacological methods. Retrograde staining (backfill staining) with 
dextran-tetramethylrhodamine was shown previously to be an adequate method to 
identify neuronal somata in situ without negative influence on Vrest or ability to generate 
APs (Kloppenburg & Hörner, 1998).  
Similar to the findings of Goodman & Heitler (1979) and Hancox & Pitman (1992) the 
identified motoneurons were changed from axon-spiking to soma-spiking neurons.  
If Na+ currents INa+ were blocked with TTX during sustained perfusion with TEA, no 
APs were generated (Fig 4.16) and outward currents decreased also (Fig 4.17), indicating 
Na+ dependent IK+(Na+). A transient depolarisation, observed in a few experiments, was 
reduced in amplitude and prolonged by CdCl2. In spiking neurons CdCl2 prolonged also 
the duration of the APs (Fig 4.18). These are evidences for ICa2+ and IK+(Ca2+). A direct 
contribution of Ca2+ to the difference between spiking and bursting behaviour was 
demonstrated by superfusion with TEA / CdCl2+ solution. In presence of Cd2+ only single 
APs were evoked in the neuron. Removing Cd2+ allowed the generation of repetitive APs 
(Fig 4.16). 
Grolleau & Lapied (2000) proposed a model for endogenous oscillatory firing of insect 
DUM neurons. They described a complex interplay of ionic currents and emphasised the 
role of Ca2+ currents activated at a Vmem more negative than the Vrest (ICa2+(LVA)). 
However, the experimental conditions and the recorded neuronal population were 
different in this thesis. The bursting behaviour of recorded motoneurons was not 
endogenous but was depending on constant current injection. A presumed role of 
ICa2+(LVA) has to be further evaluated by pharmacological experiments and adapted 
stimulation protocols. 
Surprisingly, spiker as well as burster were observed in culture. Spiker differed from 
burster by a slight but not significant more positive Vrest. Also their surface area was 
slightly smaller. Since this was not considered during the experiments, it has to be 
revised by testing more identified cells in future. Than, next to the calculated membrane 
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area, the number and length of neurites should be taken into account. Considering the 
effect of Cd2+ on bursting, differences in Ca2+ current-density should be evaluated. 
The different spiking behaviours of identified motoneurons lead to the conclusion, that 
the three different electrophysiological responses classes do not reflect the in vivo 
electrophysiological classes. Presumably neurons showing no AP at the axon or the soma 
remain nonspiking neurons in culture (Laurent et al., 1993) and neurons capable to 
generate APs at the soma in vivo, even if masked by IK+, showed either spiking or 
bursting behaviour in vitro. The conversion of axonspiker to somaspiker was not subject 
of this thesis and has to be further evaluated in future projects.  
 
5.2.2 Neuronal networks in culture 
An important prerequisite for construction of neuronal networks in vitro is the 
regeneration of synaptic connections.  
In this work, the direct correlation between presynaptic stimulation and postsynaptic 
events was proven for the first time in an insect neuronal cell culture.  
By simultaneous patch-clamp recordings of two morphologically connected neurons 
chemical and electrical synapses were shown in up to 35% of performed experiments of 
one preparation. Graduated postsynaptic potentials and currents were recorded as a result 
of presynaptic stimulation. Synaptic transmission was not limited to APs in the 
presynaptic neuron. Also depolarisation of nonspiking neurons led to similar 
postsynaptic events. In one example, a threshold for neurotransmitter release at -35mV 
could be determined, which is in the range of ICa2+(HVA) (Grolleau & Lapied, 2000). 
Evidence for the neurotransmitter receptors for glutamate and GABA was demonstrated. 
Furthermore, synaptic transmission was blocked in 8 of 9 experiments by PTX. 
There is no broad knowledge about synaptic connections in insect neuronal cultures. 
Morphological networks, especially clusters of neurons, were described but correlation of 
postsynaptic activity to presynaptic stimulation was not shown before. The first evidence 
of synaptic connection in insect neuronal culture was found by Lee & O'Dowd (1999) 
demonstrating spontaneous postsynaptic events in clusters of cultured embryonic 
Drosophila neurons. Characterisation by antagonist application revealed cholinergic 
transmission. Studies on cultured Drosophila Kenyon cells showed inhibition of 
postsynaptic events by PTX (Su & O'Dowd, 2003).  
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Immunohistochemical studies in the metathoracic ganglion of locusts showed that 35% 
of the neurons contain GABA and 20% glutamate (Watson & Seymour-Laurent, 1993). 
The existence of associated receptors was described before (GABA: Sattelle et al., 1988; 
Amat & Hue, 1997; glutamate: Wafford & Sattelle, 1989; Wafford et al., 1992; 
Raymond et al., 2000). Experiments reported in the present work revealed similar results. 
The neurotransmitter receptors were characterised by inhibition with the appropriate 
neurotransmitter antagonists (PTX for GABA receptors, AP-5 and CNQX for ionotropic 
glutamate receptors). Triggered currents were determined by their reversal potential. 
GABA currents were presumably driven by Cl- and glutamate currents either by Na+ or 
by a nonspecific cations. These results are in good agreement with previous findings 
(Burrows, 1996). The reversal potentials for Cl- and nonspecific cation currents 
calculated on the basis of the Goldman-Hodgkin-Katz equation differed only in a small 
range, probably due to the high Cl- concentrations in the used solutions. 
For further characterisation of postsynaptic receptors the intracellular Cl- concentration 
has to be lowered. In order to characterise the ionic currents further substitution 
experiments are suggested.   
GABA as neurotransmitter in cultured neuronal networks was proved in 8 of 9 
experiments by PTX inhibition. If neurons responded to glutamate, synaptic transmission 
was not inhibited by glutamate antagonists. This result was surprising. Next to the 
immunohistochemical studies it is known, that glutamate is released by all excitatory 
motoneurons (Burrows, 1996; p 171 f.). In ~20% of the presented experiments glutamate 
should be involved. There are two possible explanations for the lack of glutamatergic 
synapses: First, glutamate is not expressed in cultured insect neurons. This would mean 
that the cell culture conditions have to be revised, if neuronal networks containing 
glutamatergic neurons are desired to be constructed. To evaluate possible effects on the 
metabolism of cultured neurons, immunohistochemical staining of cultured neurons 
against glutamate seem to be reasonable. Second, only 9 experiments with glutamate 
perfusion could be performed, whereof only three postsynaptic neurons were sensitive to 
glutamate. Therefore, it can be a statistical problem.  
Though synaptic transmission mediated via direct cytoplasmatic connections is unusual, 
it was observed in the present work four times. Such synapses were never before reported 
in insect cell cultures. In vivo, only few evidence is known, that electrical synapses exist 
in insect central nervous system (O´Shea & Fraser Rowel, 1975; Trimarchi & Murphey, 
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1997; Watson & Schürmann, 2002). All of these synapses observed in this work showed 
rectifying behaviour to depolarising stimuli. The conductance, voltage sensitivity and 
gating is dependent on the protein assembly of the interacting hemichannels (Phelan & 
Starich, 2001). A conformational change of hemichannels is induced by electrostatic 
effects at the amino terminus associated with a transjunctional voltage (Oh et al., 1999).  
The cell culture protocol for locust meso- & metathoracic neurons established in this 
work enables the construction of neuronal networks. Functional networks with chemical 
and electrical synapses were developed under these culture conditions. 
 
 
5.3 Bioelectronic coupling 
In this work, extracellular signals of insect neurons were recorded for the first time by 
field-effect transistors and metal microelectrodes. The possibility to use such devices in 
insect neurophysiology in vitro was demonstrated.  
Action potentials were recorded with the FET as biphasic signal dominated by a negative 
transient during the rising phase of the AP and a weaker positive peak in the falling 
phase. This signal shape was similar to C-type recordings previously reported for leech 
neurons (Schätzthauer & Fromherz, 1998). In principle, three signal shapes were 
described in extracellular recording with microelectronic devices in related works 
(Fromherz et al., 1991; Fromherz, 1999). In the A-type recordings only the capacitive 
component is visible. The B-type recordings are dominated by an ohmic component 
depending on the leakage conductance of the neuron. In the C-type, the transient flow of 
ions over the attached membrane through the small cleft between cell and sensor form 
the extracellular signal shape. The Na+ influx leads to a negative voltage transient and K+ 
efflux to a positive extracellular voltage. In general, the seal resistances during the 
recordings shown in this thesis were always very low. Almost, no capacitive (A-type) or 
ohmic components (B-type) were seen in the recordings.  
Extracellular recordings using the MEA system reflected the C-type shape, too. 
However, the recorded signal shape was not expected by the point-contact model. An 
additional high pass in the MEA system distorted the recorded signal shape. For further 
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studies with this system, the time constant of this high pass should be adapted for 
coupling measurements. 
Culturing locust neurons on FETs was accompanied by several difficulties. First, 
surfaces could not be coated with conA. A reduction of the maximal conductance of the 
FET was observed (G. Wrobel; personal communication). This effect was not reversible 
using the standard cleaning protocol and not observed with other coatings. For a higher 
amplification the benefits of conA coating on cultured cells were renounced and FETs 
coated with PDL.  
To enhance the probability of a neuron growing on top of a gate, the cell density was 
increased. In combination with a small culture volume of 400µl, an enrichment of 
metabolic products had to be regarded. Consequently, the medium was changed nearly 
completely every second day. This procedure in combination with a dish of water, which 
was placed next to the chips in the incubator, prevented also an increase in osmolarity 
due to evaporating water. Despite all these efforts, the quality of the cell culture on the 
chip was not as high as in normal culture dishes. As a consequence, electrophysiological 
experiments were performed within 4 days after plating. 
Nevertheless, neurons were successfully coupled to extracellular recording devices. 
However, most of the recordings revealed very low signal amplitude (signal-to-noise 
(S/N) < 1). To distinguish the signals from the noise level, the averaging routine of the 
recording software was used. The low S/N ratio was the result of a bad sealing of the 
neuron to the gate. Sealing means a covering of the gate by the neuron and a low height 
of the cleft between gate and cellular membrane. In most cases, neurons covered the gate 
only partially. Since most of the neurons were not in close contact to others and less glial 
cells were in culture, the remaining gate area was not covered completely resulting in a 
low seal resistor in the coupling model and a bad S/N ratio. The distance of the neuron 
and the chip surface could not be determined in this work. For the signal simulations, 
similar values as obtained for HEK293 cells were assumed (~100nm; Höller, 2005). 
Further, the form of the soma will presumably influence effective coupling (Fig 4.2). Flat 
somata will presumably seal the gate more effective than spherical.  
The influence of soma position to the gate on the recorded signal was demonstrated 
(Fig 4.46). In this experiment, the position of the cell body relative to the FET gate was 
manipulated by a patch-clamp pipette. Pressing the neuron downwards resulted in a small 
signal increase. Moving the cell centric to the gate and covering the whole gate area, 
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doubled the FET signal. In contrast to results reported by Jenkner & Fromherz (1997) the 
signal shape remained C-type and was not influenced by pressing the neuron to the gate 
(Fig 4.48).  
The necessity for a method to control soma position in future projects is obvious. In 
addition guiding of neurite outgrowth would facilitate construction of neuronal networks.  
 
5.3.1 Patterning of substrates 
In this thesis a physical and a chemical approach for neuronal guiding were tested. The 
idea of this topographical guiding is to immobilise cell bodies and guide neurites by 
mechanical obstacles (Merz & Fromherz, 2002; Merz & Fromherz, 2005). Direct 
manipulation of single neurons is required to position the somata into provided pits. In 
the present work manipulation was realised with a glass pipette. Either a medium flow 
was induced or the neuron was sucked onto the tip of the pipette and released directly 
into a pit. Most of the manipulated neurons did not attach at the bottom of the pit or did 
not regenerate neurites. Presumably, the glass pipette damaged the cellular membrane. 
Experiments with glass pipettes of a larger inner diameter, being firepolished as well as 
siliconised revealed a higher percentage (~20%) of viable neurons (N. Lautemann, 
RWTH Aachen; personal communication). However, this income is not sufficient for the 
construction of neuronal networks. Even if neurons regenerated neurites, guiding was not 
obtained for locust neurons (Fig 4.10).  
Topographical guiding of locust neurons could not be established in this thesis. 
Manipulation and positioning of cell bodies have to be improved. This method is very 
time consuming and the results do not legitimate the expenditure of time. 
For chemical guiding a great variety of surfaces and coatings were tested, but only PEG 
substrates prevented neuronal attachment. PEG surfaces prepared by linear shaped PEG 
covalently linked to either gold or glass surfaces (Irimia & Karlsson, 2003; Mougin et 
al., 2004; Mayer et al., 2005) reduced the attachment of neurons but guiding of neurites 
was not observed (Fig 4.11). The repellent effect varied between experiments. The 
homogeneity of PEG layers was not controlled by e.g. atomic force microscopy or 
fluorescent marked PEG. As a consequence, inhomogeneous layers can not be excluded. 
However, Groll (2003) proposed that linear shaped PEG allows the absorption of 
molecules between the linear shaped PEG molecules due to insufficient covering 
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properties of the molecules. Therefore, interaction of membrane proteins with the surface 
areas between the PEG molecules is possible.  
Patterns of conA printed on starshaped PEG (StarPEG; Groll et al., 2005) by 
microcontact printing restricted soma position and neurite outgrowth impressively. No 
obvious influence on electrophysiological properties was observed. Neurons were able to 
generate APs, had resting potentials in a range of -39mV to -50mV and build even 
synaptic connections. These results were comparable to previous works in which the 
same surfaces were used to achieve geometrical control over the growth of cricket 
neuronal networks (Reska, 2005). 
Even if the pattern has to be adapted to the requirements of insect neurons it provides a 
powerful tool for the control of soma position and neurite outgrowth. By coating a 
microchip with PEG and printing of conA pattern with nodes centric on top of FET gates 
or MEs the yield and quality of cell transistor coupling will be enhanced and controlled 
formation of neuronal networks on extracellular recording devices is presumably 
possible.  
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Chapter 6 - Summary & Outlook 
 
In this thesis a basis for the construction of simple neuronal networks of Locusta 
migratoria was developed. For the study of synaptogenesis and signal transmission over 
a long time period and at many recording sites simultaneously, it is desired to couple 
those networks with extracellular recording devices like field-effect transistors or metal 
electrode arrays. 
The present work describes a protocol for a primary culture of locust neurons. The 
neurons regenerated neurites, which also connected to adjacent neurons. Cell culture 
conditions were optimised by supplementing the medium with insulin and the 
neurohormone 20-hydroxyecdysone. Concanavalin A was proved as optimum coating 
molecule concerning soma attachment and neurite outgrowth. This cell culture protocol 
enabled long-term culture for up to four weeks.  
The electrophysiological characterisation by patch-clamp recordings from the soma 
revealed three different response classes to positive current injection: nonspiker, which 
showed graduated responses, spiker, which were able to generate one action potential, 
and burster, which generated series of action potentials. These different 
electrophysiological behaviours reflected intrinsic properties of the neurons and were 
possibly due to different conductances for potassium ions. 
Recordings from identified motoneurons revealed changes of soma excitability due to the 
isolation procedure or the culture conditions. The former described three responses 
classes in vitro can not represent in vivo electrophysiological classes since those cultured 
motoneurons showed single spikes and also series of action potentials. Nonspiking local 
interneurons probably kept their nonspiking behaviour in vitro and neurons, which had 
the appropriate channel composition for generating action potentials showed one or more 
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action potentials at the soma. The analysis of these different electrophysiological 
properties within one neuronal population should be subject of future investigations. 
Pharmacological experiments revealed, that voltage activated Ca2+-channels were 
required to induce bursting behaviour. Therefore, differences in the channel composition 
of spiker and burster should be reviewed. In addition, other identified populations like 
spiking intersegmental interneurons or DUM neurons should be tested on excitability 
changes in vitro. Nevertheless such changed excitability provides even advantages for 
cell transistor coupling, since detection and interpretation of action potential patterns 
with extracellular recording systems is easier.  
For the first time synaptic transmission in insect neuronal cell culture was observed 
directly in simultaneous patch-clamp recordings. Chemical as well as electrical synapses 
were demonstrated. GABA was identified as neurotransmitter in the cell culture. The 
electrical synapses showed voltage-rectifying behaviour. 
Signals of insect neurons were coupled successfully to microelectronic recording 
systems. Action potentials and ionic currents were recorded by field-effect transistors. 
Also ionic currents of neurons were recorded by metal microelectrodes. The extracellular 
signal was dominated by ionic currents in the cleft between the cellular membrane and 
the gate. Action potentials were recorded as biphasic signals corresponding to the C-type 
responses described elsewhere. It was shown that the amplitude of field-effect transistor 
signals strongly depends on distance and position of the neuron to the gate.  
For geometrical control of network formation micro-contact printing of concanavalin A 
on star-shaped PEG was shown to be the method of choice. Soma position and neurite 
outgrowth were controlled successfully. In future, this method of chemical surface 
prepatterning should be applied to microelectronic recording devices in order to enhance 
number and quality of cell-transistor couplings.  
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Appendix 
 
Formula signs 
AFM  free membrane area 
AJM  junction membrane area 
Cfast  capacitance of the pipette 
CJG  capacitance of the gate at the junction 
CJM   capacitance of the junction (attached) membrane 
Cslow  capacitance of the cell  
dox  thickness of the gate oxide 
Eion  Equilibrium potential for an ion species 
EiJ0  Nernst potential across the junction membrane 
ENa, EK, EL Nernst potential for sodium, potassium or leakage 
F   Faraday constant (96485 C mol−1) 
gJ   junctional conductance  
gNa, gK, gL conductance of the membrane for sodium, potassium or leakage 
conductance 
GNA, K, L sodium, potassium and leakage conductance 
HH  Hodgkin-Huxley 
ICa2+  calcium current 
ICa2+(HVA)  high voltage activated calcium current 
ICa2+(LVA)  low voltage activated calcium current 
IDS  drain-source current 
IK+  potassium current 
IK+(Ca2+)  calcium-dependent potassium current  
IK+(Na+)  sodium-dependent potassium current 
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IK+(V)  voltage-dependent potassium current 
Iin(max) maximal inward current  
[Ion]I  Concentration of ions inside the cell  
[Ion]o   Concentration of ions outside the cell 
IJ   injected current necessary to counterbalance postsynaptic voltage changes 
IM  sum of currents across the membrane 
Imem  current across the membrane 
INa+   sodium current  
INa+(V) voltage-dependent sodium current 
Iout(sus) sustained outward current 
Istim  stimulation current 
k   Boltzmann constant (1.38 × 10−23JK−1) 
L  length 
m  activation probability for sodium channels 
h  inactivation probability for sodium channels 
n  activation probability of potassium channels 
PK, PNa, PCl permeability for potassium, sodium, chloride  
R   gas constant (8.31JK−1 mol−1) 
Rj   seal resistance of the cleft between neuron and FET gate 
RJM   resistance of the junction membrane 
Rser  series resistance 
τ  membrane time constant 
T  temperature 
t   time  
VDS  drain-source voltage 
VGS  gate-source voltage 
Vj  potential at the junction 
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VJ  transjunctional voltage difference 
Vmem, VM membrane potential; intracellular voltage  
Vrest  resting membrane potential 
Vstim  stimulation voltage 
V  voltage 
W  width 
 
 
 
Chemical and technical terms 
20-HE  20-hydroxyecdysone 
ACh  Acetylcholine 
Ag / AgCl silver-silverchloride 
AntiHRP  anti horse-radish peroxidase antibody 
AP  Action potential 
AP-5  (1)-2-amino-5-phosphonopentanoic acid 
ATP  Adenosine triphosphate 
Ca2+  calcium 
CdCl2  cadmium chloride 
Cl-  chloride 
CNQX  6-cyano-7-nitriquino-2,3-dione  
conA  concanavalin A 
DAPI  4´-6-Diamino-2-phenylindole  
DIC  differential interferenence contrast 
DIV  day in vitro 
DUM  Dorsal Unpaired Median neuron  
DUMeti Dorsal Unpaired Median neuron innervating the extensor-tibia muscle 
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EGTA  ethylene glycol bis(2-aminoethyl ether)-N,N,N'N'-tetraacetic acid 
FCS  foetal calf serum 
FET  field-effect transistor 
FETi  Fast Extensor Tibia motoneuron 
GABA  gamma-amino butyric acid 
H2SO4  sulfuric acid 
HBSS  Hanks Balanced Salt Solution 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HRP  horseraddish peroxidase 
ISFET  ionselective field-effect transistor 
K+  potassium 
KH2PO4  potassium di-hydrogene phosphate 
KCl  potassium chloride 
KOH  potassium hydroxide 
L-15  Leibovitz 15 medium 
ME  metal microelectrode 
MEA  metal microelectrode array 
Mg2+  magnesium 
µCP  micro contact printing 
Na+  sodium 
Na-ATP sodium ATP 
Na2HPO4 di-sodium hydrogen phosphate 
NaH2PO4 sodium di-hydrogen phosphate 
NaOH  sodium hydroxide 
NGF  nerve growth factor 
NH2-PEG PEG-amine 
NHS-PEG PEG N-Hydroxysuccinimide 
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NMDA N-methyl-D-aspartic acid 
O-N-O  oxide-nitride-oxide 
p.a.  pro analysi 
PBS  phosphate buffered saline (137mM NaCl, 2.7mM KCl, 8.1mM Na2HPO4, 
1.5mM KH2PO4; pH 7.3) 
PDMS  polydimethylsiloxane 
PDL  poly-(D)-lysine 
PEG  polyethylene glycol 
PFA  paraformaldehyde 
PHC  phase contrast 
PSC  postsynaptic current 
PTX   picrotoxine 
S/N  signal-to-noise 
SEM  scanning electron microscopy 
StarPEG star-shaped polyethylene glycol 
TEA   tetraethylammonium chloride  
TTX  tetrodotoxin 
w/v  weight per volume 
v/v  volume per volume 
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Chemicals:  
All chemicals were purchased from Sigma-Aldrich Chemie GmbH, if not stated 
otherwise. 
20-Hydroxyecdysone     
AP-5       
Alginic acid     
CaCl2        
CdCl2 
Concanavalin A     
CNQX       
DAPI      Sigma, St. Louis, USA 
Dextran tetramethylrhodamine Molecular Probes, Initrogene Corporation 
Dispase    Gibco, Invitogene Corporation 
EGTA       
Ethanol     
FCS, Fetal Calf Serum    
Fungizone     Invitrogene Corporation 
Fructose     
Glucose     
Glutamate (L-glutamate)      
L-glutamine      
HBSS      
HEPES      
Imidazole     
Insuline     
KH2PO4     Carl Roth GmbH 
KCl       
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KOH       
Laminin    Roche GmbH 
Leibovitz L-15    
MgCl2       
Methylsalicylate    
MilliQ water    Millipore Corporation 
NaCl       
Na2HPO4 
NaH2PO4 
NaOH       
Nerve Growth Factor (mNGF)   
NHS-PEG    Nektar Therapeutics. 
Paraformaldehyde     
Perfluorosilane (Sigmacoat)   
Penicilline/Streptomycine   
Picrotoxin       
Poly-D-Lysine    
Polydimethylsiloxans (Sigmacote) Dow Corning Corporation 
L-proline     
Na2-ATP      
NHS-PEG    Nektar Therapeutics 
NH2-PEG    Nektar Therapeutics 
PEG-disilane    Nektar Therapeutics 
StarPEG provided by Deutsches Wollforschungsinstitute 
Aachen, Germany 
Tetraethylammoniumchloride 
Tetrodotoxin 
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Software 
TIDA 5.x    HEKA Elektronik, Lambrecht, Germany 
Origin 7    OriginLab Corporation, USA 
Coreldraw 11    Corel Corporation, USA 
Excel 2000    Microsoft Corporation, USA 
Word 2000    Microsoft Corporation, USA 
OrCAD PSpice 9.1 Student  OrCAD Inc. 
Junction Potential Calculator  Prof. P.H. Barry, UNSW Sydney, Australia 
Reference Manager 11   Thomson ISI ResearchSoft 
Axiovision    Carl Zeiss, Germany 
Med 64 Conductor Software 3.1 Panasonic 
Leica Confocal Software TCS SP2 Leica Microsystems Heidelberg GmbH, Germany 
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